Mid-infrared photothermal hyperspectral imaging of biomolecular systems by Mertiri, Alket
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Mid-infrared photothermal
hyperspectral imaging of
biomolecular systems
https://hdl.handle.net/2144/12952
Boston University
BOSTON UNIVERSITY 
COLLEGE OF ENGINEERING 
Dissertation 
MID-INFRARED PHOTOTHERMAL HYPERSPECTRAL 
IMAGING OF BIOMOLECULAR SYSTEMS 
by 
ALKET MERTIRI 
B.A., Boston University, 2006 
Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
2014 
© 2014 
ALKET MERTIRI 
All rights reserved 
First Reader 
Second Reader 
Third Reader 
Fourth R
Approved by 
Shyamsunder Erramilli, Ph.D. 
Professor of Physics 
Professor of Materials Science and Engineering 
Professor of Biomedical Engineering 
Michelle Sander, Ph.D. 
Assistant Professor of Electrical and Computer Engineering 
David Bishop 
Professor of Electrical and Computer Engineering 
Professor of Materials Science and Engineering 
Professor of Physics 
Head of the Division of Materials Science and Engineering 
Interim Associate Dean for Research and Graduate Programs 
" Now all your appointments are going to be doctor appointments" 
Anonymous 
lV 
Acknowledgments 
First of all I would like express my deepest gratitude to my major advisor, Professor Shyam-
sunder Erramilli, for his advice, supervision and guidance throughout my PhD studies. His 
extraordinary knowledge and passion for science has constant ly inspired me. I am always 
amazed about his true scientist intuition and expertise. An expertise that usually transcends 
beyond science into history, geography and even knowledge of Jay-Z songs. 
I would like to thank all my advisory committee members, Professor Michelle Sander, 
Professor David Bishop, Professor Jerome C. Mertz and Professor Lawrence D. Ziegler for 
their time, advice and supervision during my education at Boston University. Also, I am very 
grateful to professor Hatice Altug for her guidance and expertise during my early studies . 
I would like to thank all my labmates and officemates for all their help and support 
during the past 5 years at BU. They helped me tremendously sharing their knowledge and 
expertise on various fields. 
I would like to thank my family for their love and support. Especially my mom for letting 
me stay at home most of my PhD years and making me lunches every day. My girlfriend 
Renee for her enormous support and patience. This PhD experience would not have been 
the same without her love and confidence in me. I really appreciate her help and sorry for 
ruining most of summer 2014 plans. 
Many thanks go in particular to the Materials Science and Engineering division for giving 
me the opportunity to pursue my graduate study. Especially I would like to thank Elizabeth 
Flagg and Ruth Mason for always being so helpful and Professor Basu for his great contri-
bution and help with the MRS student chapter. Also, I would like to thank the Photonics 
Center staff, Anlee Krupp and Paul Mak, for their help with the shared facilities. 
Finally I would like to thank everybody else that has helped throughout my studies and 
my apology for not mentioning each one individually. 
v 
MID-INFRARED PHOTOTHERMAL HYPERSPECTRAL 
IMAGING OF BIOMOLECULAR SYSTEMS 
ALKET MERTIRI 
Boston University, College of Engineering, 2014 
Major Professor: Shyamsunder Erramilli , Ph.D. , 
Professor of Physics 
Professor of Materials Science and Engineering 
Professor of Biomedical Engineering 
ABSTRACT 
The development of novel techniques in spectroscopy and microscopy that are label-free, 
contactless and accessible is useful among many scientific disciplines, ranging from Materials 
Science to Biomedical Engineering. Hyperspectral photothermal imaging using vibrational 
spectroscopy promises to be a new tool in the arsenal for analysis and characterization 
of materials. This technique can be used for understanding structural composition of a 
material that is advantageous to the materials scientist. A combination of microscopy and 
spectroscopy is also beneficial to the biologist or pathologist that analyzes a complex sample 
with rich morphology. Photothermal hyperspectral microscopy is a label-free nondestructive 
method t hat utilizes specific vibrational bands of a molecule giving spectral information to 
an image. The method is based on changes in the t hermal state, and the associated change 
in the refractive index of the sample as it is irradiated with mid-infrared light. Photothermal 
microscopy has rapidly emerged as one of the most sensitive label-free optical spectroscopic 
methods, rivaling current well-established methods based on fluorescence. The method has 
been used to image single non-fluorescent molecules in room temperature and to d irectly 
characterize biological features such as mitochondria and red blood cells. Despite great 
breakthroughs in the visible regime, the method has not been explored in the mid-infrared 
regime where most of the biological molecules have characteristic vibrational modes that 
Vl 
constitute an intrinsic molecular "fingerprint" . This thesis presents the development of a new 
technique to measure the linear and nonlinear mid-infrared photothermal response induced 
by tunable high power lasers such as Quantum Cascade Lasers (QCLs). Photothermal 
response can be measured in pump-probe heterodyne detection, using short wavelength 
visible lasers and compact fiber lasers as a probe. This allows for direct detection of the 
fingerprint mid-infrared vibrational modes through ultrasensitive photodetectors. Integrated 
into a mid-infrared microscope , the system facilitates the acquisition of spectra and images on 
condensed phase samples. Photothermal heterodyne mid-infrared hyperspectral vibrational 
technique is used to image biological samples such as bird brain and other biomolecules 
First photothermal images on specially designed plasmonic metamaterials, designed to either 
enhance or suppress a selected mid-infrared vibrational normal mode, are demonstrated. 
Plasmonic metamaterials can be engineered using electron beam lithography for functional 
studies on biomolecules enhancing selected vibrational infrared resonances. This study takes 
advantage of the strong interaction between light and matter and investigates properties of 
the material that are difficult to detect through conventional spectroscopic methods. The 
new technique has the ability to advance studies in many fields, as it is applicable to different 
types of materials, non-destructive, accessible and inexpensive. 
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Chapter 1 
Introduction 
1.1 Absorption Spectroscopy 
This thesis presents the development of a new technique to measure the linear and nonlinear 
mid-infrared photothermal response induced by tunable high power lasers such as Quantum 
Cascade Lasers (QCLs). When radiation is incident on a sample, a fraction gets absorbed 
by the mat erial over a range of frequencies leading to the absorption spectrum of the ma-
terial. Electronic and molecular structure of the material determine the frequencies where 
t he absorption lines occur. Depending on the nature of the transition, absorption lines are 
divided into: rotational lines, occurring in the microwave spectral region; vibrational lines, 
appearing in infrared spectral region; electronic lines, found in visible and ultraviolet region. 
Beer-Lambert law describes t he nature of the absorption as follows: 
(1.1) 
where, I is the transmitted intensity determined by t he incident intensity I0 , the extinction 
coefficient € that determines how strong a material absorbs light, concentration C and path 
length l. Absorbance of t he material is determined as A = - log10 (I / I0 ). Depending on 
the magnitude and processes of the energy changes, different spectroscopic t echniques are 
used. Vibrational excitations in the infrared are measured by either Raman or infrared (IR) 
spectroscopy. Atoms in a molecule vibrate at characteristic frequencies in the infrared region 
leading to normal modes, overtones and combination bands. Some of the vibrational bands 
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Table 1.1: Infrared vs. Raman Spectroscopy 
Infrared Raman 
Originates from absorption of radiation Originates from scattering of radiation 
Change in dipole moment Change in molecular polarizibility 
Strong in intensity Weak in intensity 
T ypically recorded by using a beam of radi- Recorded by monochromatic radiation 
ation with large number of frequencies beam 
Water can not be used due to strong absorp- Water is typically used as a solvent 
tions 
Optical materials: KBr , N aCl, CaF 2 Optical materials : quartz, glass 
can be Raman active and/or IR active, if changes in the dipole moment occur. The nature 
of the vibration i.e. stretching mode or bending mode can be used for identifying functional 
groups and get structural information of the material. Raman and infrared sp ectroscopy 
are both widely used for measuring vibrational bands of a molecule , their differences are 
highlighted in table 1.1 . 
Fingerprint region of the infrared spectrum, 2 - 12 1-ffil, is attractive because no two 
molecules have the same infrared spectra distinguished by their vibrational bands. Our 
photothermal studies are based on using t he characteristic vibrational modes of the molecules 
as markers for label free hyperspectral imaging. 
1.2 Introduction to Photothermal Spectroscopy 
Photothermal spectroscopy belongs to a group of high sensitive methods that measure prop-
erties of the m aterials indirectly. This method is based on measurements of the refractive 
index changes induced by absorptions of the electromagnetic radiation [1]. It h as an advan-
t age over " direct" spectroscopic methods since reflection and scattering from the m aterial do 
not contribute to the signal. The only contribution comes from direct absorption. It is very 
difficult to know precisely t he optical and thermal properties of the material which makes 
photothermal spectroscopy (PTS) challenging but t he use of coherent light sources, such as 
lasers, helps. They provide great spatial coherence and high power that leads to significant 
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Figure 1.1: Alexander Graham Bell 's concept of the photophone. [3] 
improvements in the signal-to-noise ratio (SNR). 
Since 1880 there has been an interest over t he process of change in material properties as it · 
is illuminated either by coherent or incoherent light sources. The father of photothermal and 
photoacoustic spectroscopy is Alexander Graham Bell with his early work on the photophone 
shown in figure 1.1. He demonstrated that exposing cert ain materials to fo cused modulated 
light causes them to emit sound [2]. The device consisted of a mirror , a selenium cell and 
an electrical t elephone, which he invented a few years before. This was the beginning of the 
photoacoutic spectroscopy. 
PM 1 A M~1 11 LC !2 Mg.2 
n;r- _1 Sllt-D--t~--_:.~--+--L __ \_ -o ~t ~ ~ t r Mo 
osc f 
f 
PM2[}-osc 
PM= PHOTOMUL.T tPI...IERS 
A= APERIORES 
m = PARTtAL. REFLECTION 
MIRROR 
M=-tMRRORS 
l = IR\S 
S:: SHUTTER 
LT =LASER TUBE 
LC.::=UQUIO CELL 
MO =POWER MONITOR 
Figure 1.2: Experiment al setup of the first thermal lens technique. [4] 
Photothermal studies started around 1960s with the development of lasers. The first 
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photothermal effect was shown by Leite et al. [5] and Gordon et al. [4] in the mid 1960s. 
They found that a certain liquid or solid placed into a laser cavity introduces a thermal lens 
effect . 
The use of laser sources extended into photoacoustic spectroscopy by Kruezer et al. who 
showed that was used to detect small amounts of methane gas [6]. Further developments 
of different types of lasers with high spectral brightness and spatial coherence has allowed 
further development in the photoacoustic and photothermal field. 
Changes in the number· of publications shown in figure 1.3 reflect the increasing inter-
est in photothermal spectroscopy. The growing trend reflect the use of a variety of pho-
tothermal spectroscopy methods , which can investigate different materials's properties in a 
non-destructive and highly sensitive manner. 
Figure 1.3: Number of publications in the photothermal field . 
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1.3 General Characterization of Photothermal Spectroscopy 
Photothermal spectroscopy (PTS) is based on the conversion of electromagnetic radiation 
into heat. A sample absorbs the optical radiation, usually from a laser , which is used to 
transition the atoms or molecules to an excited state. Then, the excited state relaxes back 
to the ground state dispersing the increased internal energy into different modes of hydro-
dynamic relaxation. Temperature change is one of the properties explored by photothermal 
spectroscopy. The temperature distribution gives rise to inhomogeneous refractive index 
distribution. The characteristics of these elements create the basis of the ultrasensitive 
photothermal spectroscopy that we will exploit in our studies [I ]. A descript ion of the 
photothermal effect upon an absorbing sample under laser excitation are shown in figure 1.4. 
Refractive 
Grad· Index lent 
Figure 1.4: Representation of photothermal effect on the surface of an absorbing material. 
Photothermal spectroscopy is a non destructive and contactless method. No background 
measurement is required , which is an advantage over other spectroscopic methods . Increase 
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in sensitivity comes from an increase in radiation power and thermal limits are only set by 
the sample under study. Photothermal spectroscopy can be implemented in cw mode, where 
the laser's amplitude is modulated or in pulsed mode. Eliminating the background gives 
PTS an advantage over other infrared techniques such as Fourier transform infrared (FTIR) 
spectroscopy. Some fine features are only observed using PTS and we show some of this 
nonlinear features in chapter 3. 
An important factor in characterizing photothermal spectroscopy is the calculation of 
the change in temperature. Assuming an optically thin sample where little attenuation of 
the excitation source occurs as it passes through the sample the temperature change can be 
estimated [1]. The irradiance of a Gaussian beam (laser beam in the TEM00 mode) used to 
excite the sample with radial symmetry of intensity can be expressed as 
( ) _ 2<P(t) (-2(x
2 +y2 ) ) I 0 x, y, t - 2 exp 2 7TW W (1.2) 
where Io is the irradiance, <P(t) is the time-dependent power and w is the Gaussian beam 
waist radius. Assuming the sample pathlength is less than the confocal distance there is no 
z dependence on equation 1.2. The time-dependent temperature change is calculated solving 
the thermal diffusion equation 
8 ) 2 ( ) QH(x,y,t) 
-;;-6T(x, y, t - Dr\1 6T x, y, t = C 
ut p p (1.3) 
Dr (m2 Is) is the thermal diffusion constant, p (kg I m3 ) is the density, Cp (J I kg) and 
qH (W I m3 ) are the specific heat capacity and energy density, respectively. This equation 
can be expressed as a convolution of a point source solution with the heat source hence the 
irradiance can be written as 
2 ( -2(x2+y2) ) 
I 0 (x , y, t) = <P(t)S(x , y), S(x, y) = - 2 e w· 7TW (1.4) 
where S(x,y) is the spatially dependent Gaussian term. If we consider the sample infinite, 
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the solution to t he diffusion equation is given as the convolution with the point-source 
oT(x, y , t) = aYH<I>(t) * [S(x, y) Q9 oTpaint(x, y , t)] (1.5) 
where Y H is the heat yield defined in [1], * is the time-dependent convolution and Q9 is 
t he spatial convolution. The two dimensional point-source change in temperature is 
1 _ x2+•? 
OTpoint(X, y, t) = c 4 D . e 4DTt p P 7r rt (1.6) 
Thermal diffusion coefficient is given as Dr= K I p Cp, where K (WI m K) is the thermal 
conductivity of the sample. The spatial convolution results in the time and spatial dep endent 
solution of the change in temperature 
(1.7) 
where tc is the characteristic thermal diffusion time and it is defined as t c = w2 I 4 Dr 
The t emperature change occurring with a short laser pulse was calculated originally by 
Twarowski and Kliger in 1977 [7]. They assumed that the sample is optically thin and t here 
is no change over the length of the sample. Also , they considered the excited state relaxation 
to be inst antaneous. The change in temperature at the focal spot is then given 
(1.8) 
where Q ( J) is t he pulse energy. Considering pump laser pulses much shorter in time 
than the characteristic thermal time , t < < tc t hen the changes in temperature can be ap-
proximated as 
ac: 
oT(x, y , t) ~ -
0 p p (1.9) 
where c: ( J 1m2 ) is the energy fluence, given as the ratio between laser pulse energy to 
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the effective focal spot area. Depending on the pump laser beam and the irradiated sample 
properties an estimation of the change in temperature can be calculated. For example, the 
8CB liquid crystal that we will use in chapters 2 and 3 has a thermal conductivity K = 
0.1 W lm K, thermal diffusion coefficient Dr = 7.175 x 10- 8 m2 Is, beam waist diameter 
of w = 20 !J.m, density p = 1004 kg I m3 , energy fluence c = 159 J I m2 , heat capacity 
Cp = 2110 J I kg K and absorption coefficient a. = 4 x 103 1 I m. The characteristic 
thermal time tc = w2 I 4D ~ 1.39 x 10-3 s, which is much bigger than the pulsewidths of 
the quantum cascade laser pump beam ( 40-500 ns). Hence, the change in temperature can 
be approximated to be bT(x,y,t) ~ a. c I p Cp ~ 300 mK. 
1.4 Different Techniques of Photothermal Spectroscopy 
Depending on t he method of detecting the changes on the sample introduced by an electro-
magnetic irradiation there are several photothermal techniques. Some of the most widespread 
methods, highlighted in figure 1.5, are photoacoustic spectroscopy, photothermal deflection 
spectroscopy, thermal lens spectroscopy, photothermal radiometry and photothermal inter-
ferometry. All these methods are described in great detail in many articles and books 
[1,8-13]. 
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Figure 1.5: Fundamental photothermal techniques resulting from laser irradiation in con-
densed samples . [14] 
Here we are describing only some of the main spectroscopic techniques and t heir ap-
plications. One of the most well known is the photoacoustic t eclmique shown in figure 
1.6. When a sample is irradiated by a modulated laser beam, there is a change in density 
that excites acoustic waves [1 5] . These waves can be detected using a microphone that can 
be in contact or not with sample depending on the phase of the sample. This is a very 
sensitive technique that has found many applications such as studying weak absorbing me-
dia [16- 18]environmental problems [19- 22], measuring thermodynamic parameters [23- 25], 
remote gas detection [26- 28], etc. Also, photoacoustic microscopy has b een developed and 
used in many different fields such as materials science, biology and medicine [29- 33]. 
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Photoacoustic Cell 
Gas 
Laser 
LlP 
Modulator 
Microphone 
Figure 1.6: Schematic of photoacoustic technique. [15] 
Another well studied photothermal technique is the photothermal deflection spectroscopy. 
As a pump laser source irradiates the sample, the surface of the sample heats up. The 
change in temperature creates a gradient that introduces a change in the refractive index. 
The change in the refractive index creates a "mirrage" effect revealed by the deflection of 
the probe beam as described in figure 1.7 and detected by the position-sensitive detector. 
To increase t he sensit ivity, the sample is usually placed in a cell containing a transparent 
liquid that strongly depends on the refractive index changes. The technique has been used 
to measure temperature changes as low as 10-4 K, which is associated with probe beam 
deviations of'"'"' 10- 9 rad [34]. The increased sensit ivity makes it possible to detect absorption 
losses in solid samples as low as'"'"' 10-7 cm-1 [35]. Photothermal deflection spectroscopy is 
used in a variety of applications such as to measure thermal conductivity [36-38] , absorption 
coefficient [39-41], temperature [42] and electrical properties of the material [43-45]. 
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Figure 1.7: Schematic of photothermal deflection spectroscopy [34]. 
Despite it 's great success, photothermal deflection spectroscopy is complicated and it 
needs sample preparation. Thermal lens spectroscopy is becoming the most used alternative 
technique. The basis of the thermal lens photothermal spectroscopy are shown in figurel.8. 
The method is based on a temperature gradient t hat is created on the sample as it gets 
irradiated by a Gaussian pump laser b eam. This change in temperature induces a change in 
the refractive index, which creates a gradient that acts like a lens (thermal lens). The thermal 
lens acts as a scatter of the beam since the refractive index decreases as the temperature 
is increased . So the transverse laser beam size increases when the sample temperature is 
increased . Changes in the density and temperature contribute in the refractive index change 
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as follows 
(1.10) 
where T is the temperature and p is the density of the medium. The technique can 
be used either in single-beam or pump-probe configuration. The most used technique is 
the pump-probe technique, where the probe laser beam is not absorbed by the sample. 
The pump-probe scheme can either be implemented in the longitudinal mode or transverse 
mode [1, 9] . In the transverse mode the pump beam is focused into the sample perpendicular 
to the probe beam. The longitudinal mode as shown in figure 1.8 is the most used scheme 
and the one that we will implement in our mid-infrared photothermal measurements. 
Pump Laser 
Modulator 
Dichroic 
Probe 
Laser 
Sample 
Filter 
Diaphragm 
I 
Detector 
Figure 1.8: Schematic of thermal lens spectroscopy technique [9]. 
Our pump-probe longitudinal photothermal setup is shown in figure 1.9. A collinear two-
photon pump-probe spectroscopy with t he use of quantum cascade laser as the pump heating 
beam and Ti:sapphire as the probe beam has been used for linear [46] and nonlinear [47] 
mid-infrared photothermal studies . The QCL beam is modulated with a mechanical chopper 
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at various frequencies when operated in cw mode. Alternatively, the QCL may be operated 
in pulse mode, modulated up to 100 kHz with a maximum duty cycle of 5%. The two beams 
are collinearly combined using a dichroic mirror (DM) and focused coaxially into the sample 
by a zinc-selenide (ZnSe) focusing objective (NA=0.25). T he mid-IR QCL Gaussian beam 
is focused into the sample with a beam waist diameter of ,....., 20 ~J.m. The Ti:sapphire has a 
beam waist diameter of,....., 15 IJ.ID. The transmitted beams are collected by a ZnSe condenser 
lens (f = 25 mm). 
02 
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Figure 1.9: Schematic of our photothermal spectroscopy technique [46]. 
T he pump and probe beams are separated using a second dichroic beamsplitter. They 
are focused onto an InSb liquid nitrogen-cooled detector and a Si-photodetector for pump 
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Table 1.2: Main photothermal techniques and their characterizations. 
Photothermal 
technique 
Photoacoustic spec-
troscopy [15-18, 29-
32] 
Deffiection 
spectroscopy 
[34-41) 43-45] 
Thermal lens spec-
troscopy [1,4,8,9,13, 
14,48-52] 
Photothermal ra-
diometry [53- 59] 
Photothermal inter-
ferometry [1, 60-65] 
technique 
Application 
Analysis of weakly 
absorbing media 
Analysis of weakly 
absorbing media 
Analysis of weakly 
absorbing media 
Signal 
Changes in pressure 
Probe beam deflec-
tion 
Changes in the 
probe beam diver-
gence 
Surface thermal ra-
diation 
Remote analysis of 
absorbing media 
Visualization 
thermal and acous-
tic fields 
of Amplitude 
phase of the 
beam 
and 
probe 
Detector 
Microphones 
Position-sensitive 
detector 
Photodiodes , photo-
electron multipliers 
and photodetectors 
IR detectors 
Mach-Zehnder, 
Fabry-Perot and 
other interferome-
ters 
and probe beam measurements, respectively. This set-up allows for comparison between 
direct mid-infrared detection and heterodyne photothermal detection in the same sample 
under identical conditions figure 1.9. 
The different examples of photothermal spectroscopy offer a variety of possible ways 
for measuring properties of the material in a non-destructive and sensitive manner. The 
main photothermal methods along with their field of applications and ways of measuring 
the sample are given in table 1.2. Photothermal spectroscopy techniques suffer from a few 
drawbacks. In the case of photoacoustic spectroscopy, a hermetic acoustic cell might be used 
and sometime the microphone needs to be in contact with the sample to improve sensitivity. 
Liquid nitrogen cooled detectors are needed for photothermal radiometry, which complicate 
the setup. In deflection photothermal t echnique the sample must be placed in a liquid 
with low absorption and high optical properties to achieve high sensitivity. Despite a few 
drawbacks all the photothermal spectroscopy fields have gained a lot of attention lately due 
to an increased improvement of the pump and probe laser sources such as the use of quantum 
cascade lasers. 
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1.5 Quantum Cascade Lasers: A Powerful Source for Mid-Infrared 
Photothermal Applications 
Quantum cascade lasers (QCLs) have contributed significantly in our mid-infrared photother-
mal studies. They are semiconductor lasers that emit in a broad range of frequencies ranging 
from infrared to the terahertz regime. Typical semiconductor lasers work on the principle 
that a photon is emitted by the inter band transition of the electron from the conduction band 
to the valence band as shown in figure 1.10a. Quantum cascade lasers work on a different 
principle where laser emission is achieved through the use of intersubband transitions in a 
repeated stack of semiconductor layers of alternating bandgap, typically grown via molecular 
beam epitaxy (MBE) [66] . The principle mechanism is shown in figure 1.10b, where an elec-
tron from an upper level is injected into the active region to level 3. A radiative transition 
drops the electron from level 3 to level 2 and through tunneling mechanism they drop to 
level 1. The electron then flows to the digitally graded alloy through a voltage source and 
repeats the same process into tens of layers emitting photons along the transition. 
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Figure 1.10: (a) Schematic of the semiconductor diode laser active region. (b) Active region 
of a quantum cascade laser . Electrons are pumped from level 4 into the top lev~l of the 
lasing transition(level 3) before radiatively relaxing to level 2. Due to tunneling mechanism, 
electrons go from level 2 to level 1 and continue the process all over into the next active 
region. Schamtic from [66] . 
Quantum cascade lasers were invented by Bell labs in 1994 by a t eam led by Capasso et 
al [66]. They have increasingly become a viable commercial mid-infrared source replacing 
some of the other solid-state laser sources. QCLs are compact, robust, high power lasers 
that have been recently used in many applications [67] . They are wavelength agile lasers 
since the layer thickness and the material choice defines the emission wavelength. QCL's 
high optical power comes from reusing the electrons as they cascade down and they can be 
precisely tunable via current modulations. 
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Figure 1.11 : Spectral brightness of quantum cascade lasers in our lab compared to syn-
chrotron and FTIR infrared sources . 
Most quantum cascade lasers operate in mid-infrared region of t he electromagnetic spec-
trum, which makes them ideal for studying biochemical molecules. Recently, t here has been 
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a lot of effort towards using QCLs for chemical and biological sensing [68, 69]. Their tuning 
range covers many gas vibrational lines, which has led to many applications for gas trace 
detection [70- 72]. Another recent demonstration is the use of quantum cascade lasers for 
free space optical communication [73- 75]. Other important fields where quantum cascade 
laser have been implemented are in spectroscopy [76- 78], medical diagnosis [79-81], and in 
explosive detection [82- 84]. Advances in manufacturing and the rapid growth in translating 
the technology from laboratory setting into commercial setting have made QCLs an attrac-
t ive device. Despite their recent success, QCLs have not been explored much in the field 
of photothermal spectroscopy. We have proposed using quantum cascade lasers as a pump 
laser to investigate the characteristic vibrational bands of biomolecules [46, 47]. 
1. 6 Thesis Overview 
Photothermal spectroscopy has recently been developed as one of the most sensitive spec-
troscopic methods leading to widespread applications in a large number of fields. To date 
research has been performed in many areas such as biology [50, 85- 87], chemistry [1, 88-91], 
medicine [92-95], physics [96-98], materials science [24, 39, 46, 47] and even agriculture [99]. 
This thesis presents work showing the potent ial of photothermal spectroscopy in t he mid-
infrared spectrum, where most molecules have characteristic vibrational bands. We show the 
potential of using quantum cascade lasers as an excellent mid-infrared source for targeting 
the specific vibrational bands of biomolecules. 
Specifically, chapter 2 demonstrates our work done in linear photothermal spectroscopy. 
We report a new technique for measuring mid-infrared photothermal response generated by 
quantum cascade lasers. Liquid crystal samples were chosen to provide the basis of the 
study. An introduction to linear photothermal spectroscopy as well as detail description of 
the properties of t he samples are given. We describe in detail the experimental configuration 
and phase transition studies of the liquid crystal. A nonlinear behavior observed in the 
nematic-isotropic phase transition is shown but the nonlinear photothermal spectroscopy is 
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discussed in great detail in chapter 3. 
Chapter 3 is a detail description of the nonlinear mid-infrared photothermal spectroscopy. 
We describe in detail the transformation of the photothermal signal from linear to nonlinear 
regimes and the significant impact it might have in many fields. A systematic study and 
an analytical model is presented explaining the nonlinear bifurcation nature comparable to 
mean field theory. This striking infrared vibrational band sharpening may be universal with 
applications to biology and materials science. 
Chapter 4 introduces the use of plasmonic metamaterials for mid-infrared photothermal 
spectroscopy. We show the ability to fabricate plasmonic nanostructures to enhance pho-
tothermal response. Using e-beam lithography we were able to fabricate plasmonic meta-
materials with resonant frequencies interacting with the vibrational frequencies of the liquid 
crystals. Results from FTIR spectroscopy show the ability to enhance, suppress and elimi-
nate selective vibrational bands. Photothermal studies on the same structures confirm the 
critical behavior. Also, we show the ability to dynamically tune surface plasmon polaritons 
thermally using liquid crystals. 
In chapter 5 we discuss our latest advances of photothermal spectroscopy using erbium 
doped fiber lasers as probe lasers. These are robust, compact and high power lasers that offer 
better signal-to-noise ratio than previously used Ti:sapphire lasers. We coupled the pump-
probe photothermal setup with an inverted microscope and demonstrate the capability for 
sensitive pump-probe heterodyne hyperspectral photothermal studies. 
Chapter 6 presents some initials studies in mid-infrared photothermal hyperspectral mi-
croscopy. A quantum cascade laser pump is used to excite specific vibrational bands of a 
biomolecule and an erbium doped fiber laser is used to detect the refractive index changes. 
Studies on 5CB liquid crystal , Nylon microspheres and bird brain samples are demonstrated. 
Combination of microscopy and spectroscopy will be a significant step forward in character-
izing complex materials with application in biology, medicine and materials science. 
Chapter 2 
Linear Photothermal Spectroscopy Using 
Quantum Cascade Lasers 
2.1 Abstract 
Photothermal spectroscopy (PTS) is regarded as a high sensitive technique exceeding con-
ventional absorption techniques. The enhancement of the technique has shown absorbance 
detection limits of rv 10-7 in liquids and rv 10-10 in gases [100]. PTS signal contains both 
the magnitude and the dynamic component of the sample. The magnitude is used in quan-
titative studies of absorption in spectroscopy, microscopy and related PTS measurements. 
The dynamic component is less used and it is crucial for qualitative analysis of materials 
composites and kinetics. Photothermal signal comes from spatial gradient in the refractive 
index and hence they are inversely proportional to the excitation volume. The small volume 
nature of PTS has lead to use for microanalysis. 
We report a technique to measure the mid-infrared photothermal response induced by a 
tunable Quantum Cascade Laser. To demonstrate the linear photothermal spectroscopy in 
the mid-infrared regime we are using the neat liquid crystal4-0ctyl-4 '-Cyanobiphenyl (8CB), 
without any intercalated dye. Heterodyne detection using a Ti:sapphire laser of the response 
in the solid, smectic, nematic and isotropic liquid crystal phases allows direct detection 
of a weak mid-infrared normal mode absorption using an inexpensive photodetector. At 
high pump power in the nematic phase, we observe an interesting peak splitting in the 
photothermal response. Tunable lasers that can access still stronger modes will facilitate 
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photothermal heterodyne mid-infrared vibrational spectroscopy. 
2.2 Introduction to Linear Photothermal Spectroscopy 
Basics principles of photothermal spectroscopy are shown in figure 2.1. An excitation light, 
usually a laser, is absorbed by the sample that results in an increase of the internal energy [1]. 
The excited state relaxation results in different thermal effect such as t emperature change, 
density change and pressure change. PTS measures one of t hese properties , particularly t he 
localized change in the index of refraction produced by the change in temperature. The 
probe light measures the perturbations introduced in the sample and t he signal is detected 
through an optical detector. The modulations of the probe beam are measured using a 
lock-in amplifier. 
Probe Light Sample 
Spatial 
Filter 
Optical 
Detector 
Signal Processing 
Figure 2.1: Basic principle of photothermal spectroscopy. 
Linear photothermal spectroscopy has rapidly emerged as the most sensitive label-free 
optical spectroscopic method, rivaling even fluorescence spectroscopy. The method has been 
shown to be remarkably sensitive in the visible region of the spectrum with reports of yoc-
tomole sensitivity. It has shown the capability to observe single molecule [101, 102] at room 
temperature. This unexpected sensitivity has led to rapid development of photothermal 
methods in the visible region, both for spectroscopy [52, 85 , 103] and for imaging nanoparti-
cles and organelles with high signal-to-noise ratio [104, 105] . 
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Extension of the photothermal technique t o t he mid-infrared region is particularly attrac-
t ive b ecause the presence of a large number of characteristic normal modes of molecules in t he 
so-called "fingerprint" region of t he electromagnetic spectrum that allows for spect roscopy 
and imaging without requiring a perturbing label. T he st andard instrument of choice for 
vibrational infrared spectroscopy remains Fourier transform infrared spectroscopy (FTIR) 
using cryogenically cooled detectors along with a "' 12001< Globar blackbody source. But 
t he lack of table-top stable high brightness sources and a fundamental quantum limit on t he 
det ectivity of broadband cryogenic mid-infrared detect ors has t ranslated t o a lack of progress : 
the st at e-of-the-art [106] has not advanced significant ly in several decades. Det ection of the 
absorption of infrared radiation is still performed using narrow band-gap cryogenically cooled 
detectors made of indium ant imonide (InSb) or mercury-cadmium-telluride (MCT ) [106], 
which bot h are int rinsically less sensitive t han the best available visible photodetectors. 
With t he advent of tunable quantum cascade lasers (QCLs) as t able-top high bright ness 
sources, there is now hope of a rapid t ransformation in t he field of mid-infrared spec-
t roscopy [66, 107]. The spectral brightness of these t able-t op QCL sources actually can exceed 
t hat of synchrotrons and other large relativistic electron-accelerat or-based sources [108] . Re-
cent ly, Farahi et al. [109] have demonstrated a homodyne photothermal spectroscopy method 
for remot e sensing. Our work [46] shows t hat photothermal heterodyne detection of absorp-
tion of a tunable Quant um Cascade laser source promises to out-perform convent ional FTIR 
sp ectrometers. 
2.3 Properties of 8CB Liquid Crystal 
Cyanobiphenyls form a well-studied class ofliquid cryst als, with rich phase beh avior [110 ,111] 
characterized by strong vibrational infrared absorption bands in t he fingerprint region [112, 
113]. In our studies we have been mostly focusing on using 4-0ctyl-4'-Cyanobiphenyl (8CB) 
or 4-Pentyl-4'-Cyanobiphenyl (5CB) liquid cryst als. The molecular structure and propert ies 
of these two liquid cryst als are very similar and they exhibit strong molecular vibrational 
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modes in the 3-7!-!m range. It has two benzene rings that are attached to CH groups on 
one end and a CN group on the other. An illustration of the molecule structure is shown in 
figure 2.2. 
(a) (b) 
Figure 2.2: Illutration of the (a) 5CB and (b) 8CB molecule strucutre. Stick and ball model 
showning nitrogen (N) blue, carbon (C) grey and hydrogen (H) white 
To characterize some of the thermal properties of the liquid crystal samples we performed 
differential scanning calorimetry (DSC) measurements.This method belongs to a group of 
t hermoanalytical techniques first used by Le Chatelier in 1887 [114] in which the temperature 
difference, l::!.T , between a sample and a reference material is measured while t he sample and 
reference are subjected to identical temperature regimes in a furnace heated at a controlled 
rate. In DSC, the sample and reference are maintained at the same temperature during the 
heating/cooling process. Heat needs to be supplied to the sample and the reference to ensure 
that the sample and the reference have the same temperature. The differential behavior of 
the heat added to the sample and reference, l::!.H , is recorded to produce a DSC curve. 
Phase transitions, heat capacity and change in enthalpy can be determined from the curves. 
A schematic representation of the DSC setup is shown in figure 2.3b and the measured phase 
transitions are shown in figure 2.3a. 
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Figure 2.3: DSC measurement on SCB liquid crystal. Endothermic peaks show the phase 
transition temperature from Smectic-A (blue region) to Nematic (red region) at 33.69 C 
and Nematic to isotropic (green region) at 40.77 C.Schematic diagram describing differential 
scanning calorimetry measurement. 
We characterized the phase transitions of the 5CB and SCB liquid crystals using the 
DSC (Mettler Toledo Polymer DSC R). The 5CB liquid crystal has the following phase 
transitions: 294.1 K (C-SmA), 306.5 K (SmA-N) and 313.5 K and the following for SCB 
liquid crystal: 294.7 K (C-SmA) , 306.8 K (SmA-N) and 313.9 K. The crystalline state is 
symbolized by C, smectic A by SmA, nematic by N and isotropic phase by I. Given the 
strong absoprtion bands in the mid-IR, these two liquid crystals are perfect candidates for 
photothermal studies. We mostly concentrated in using SCB liquid crystal where we could 
study the photothermal effect in all the phases. The spectra of 50 ~-tm thick SCB liquid 
crystal at room temperature is shown in figure 2.4. The typical IR spectrum of SCB liquid 
crystals shows the CH stretch modes ""' 3000 cm-1, the strong CN stretch at 2227 cm-1, 
the CH scissoring band ""' 1606 cm- 1 and other normal bands or combination and overtone 
bands. To characterize the linear photothermal spectroscopy we are focusing on utilizing the 
weak combination band at 1912 cm-1 . 
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Figure 2.4: FTIR absorption spectra at a spectral resolution of 4 cm- 1 of 50 ~m thick 
8CB liquid crystal sample showing the sharp C-N stretch band at 2227 cm-1 and the weak 
combination band at 1912 cm- 1 . 
2.4 Vibrational Band Analysis 
The liquid crystal used for our photothermal studies is the 4-0ctyl-4.:Cyanobiphenyl (8CB) 
liquid crystal and we are using the combination band at 1912 cm-1 for our linear photother-
mal studies. To characterize and assign the vibrational band of interest we used Gaussian09 
chemistry software package. This allows us to understand the normal modes and calculate 
combination and overtone frequencies. A molecule of n atoms has 3n degrees of freedom 
of which three are translational and three are rotational. Therefore 3n-6 (3n-5 for linear 
molecule) degrees of freedom are associated with vibration. They correspond to the normal 
vibration bands of the molecule . An infrared spectrum should show all the normal modes 
but not all of them are displayed due to weak absorption in the infrared region [115]. The 
intensity of the infrared vibrational band depend on the change in the dipole moment and if 
the dipole moment change is weak than the band might not show up. Some of the vibration 
bands not shown in the infrared region could be seen in the Raman spectrum [116], which 
can be used as a complimentary technique to further understand the vibrational bands of 
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a molecule. Besides normal modes, an infrared spectrum shows the combination bands and 
overt one bands. Combination bands occur when more than one vibrational quantum number 
is changed and overtone bands occur when a quantum number is changed more than one 
unit . 
Our underst anding of the combination band of the 8CB molecule at the 1912 cm-1 is 
based on the well' studied benzene molecule [115 , 117- 119]. The overtone and combina-
tion bands were attributed to the out-of-plane CH bending modes . To characterize t he 
vibrational band at 1912 cm- 1 shown in figure 2.5, we used Gaussian09 chemistry soft-
ware package. Geometrical molecular structure of 8CB liquid crystals are optimized using 
quantum mechanical calculations and a representation of the oval shape molecule is demon-
strated in figure 2.2b. The model is visually const ructed using GaussView software that is 
a graphical user interface (GUI) allowing the user t o interact with Gaussian09 in a point 
and click format. The 5CB and 8CB molecules are shown in the optimized state in figure 2.2. 
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Figure 2.5: FTIR absorption spectrum of a 2!-t.m thick 8CB liquid cryst al sample showing 
the sharp C:=N stretch band at 2227 cm- 1 and the weak combination band at 1912 cm - 1 
that we are characterizing. 
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Schrodinger's equation is solved using density functional theory (DFT), which approx-
imates the molecular properties as a function of the molecular electron density, rJ. The 
electron density is a physically observable quantity equal to the square of the wavefuntion 
while the wavefunction itself is not an observed quantity. DFT can be divided into pure and 
hybrid methods. Pure DFT does not include Hartee-Fock (HF) exchange, which neglects all 
electron-electron interaction. 
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Figure 2.6 : FTIR absorption spectra at a spectral of the 8CB liquid crystal sample showing 
the sharp C:=N stretch band at 2227 cm- 1 and the weak combination band at 1912 cm-1 
that we ate characterizing. 
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Figure 2.7: Infrared spectrum (blue) and Raman sp ectrum (red) showing t he simulated 
vibrational bands from an SCB liquid cryst al molecule. 
Ignoring the electron correlat ions leads to bond lengths b eing shorter t han in reality. 
Contrary, hybrid DFT includes some amount of exchange with HF method . In our st udies 
we used one of the most well known hybrid methods, B3LYP. This method uses a three-
paramet er hybrid exchange developed by Becke et al. in 1993 [120] and correlation function 
was coded by Lee,Yang and Parr [121], hence t he name B3LYP hybrid method. To investigate 
t he nature of t he vibrational band at 1912 cm-1 , we looked at the role of t he CH t ail groups 
of the molecule. The simulat ed results along wit h t he experimental data are shown in figure 
2.6. We looked at different CH tail groups and t he results detail that t here is no significant 
difference in the 1000-3500 cm-1 region . Also, there was no vibrational band observed in 
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the 1912 cm- 1 regwn. The result tells us that the band is not a normal vibrational band 
but a combination or an overtone band. Work done on benzene compounds has identified 
that the bands appearing in the 1650 - 2000 cm-1 spectral region are combination bands 
that come from out-of-plane CH modes [118, 119] . Also, we looked at the Raman spectrum 
as a complimentary technique to explain the vibrational bands. The results shown in figure 
2.7 display no vibrational bands in the 1912 cm-1 region. Geometrical molecular structure 
of 8CB liquid crystals is optimized using quantum mechanical calculations on Gaussian09 
software and a representation of the oval shape molecule is demonstrated in figure 2.8b. The 
model is visually constructed using Gauss View software and the 8CB molecule is shown in 
the optimized state. Schrodinger's equation is solved using density functional theory (DFT) 
with a B3LYP hybrid method with the 6-31G basis set. The 1912 cm-1 combinational band 
is attributed to the out of plane C-H vibrations from the CH out-of-plane band at 731 cm-1 
and the bending mode at 1203 cm- 1 . Simulated absorbance spectrum is shown in figure 
2.8a. The scaling factor between the simulated results and the experimental results is 0.968 
and the spectra are shown in figure 2.9. 
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Figure 2.8: Simulation results of t he SCB molecule . (a) Absorbbance spectrum highlighting 
the vibrational bands in t he 500-1500 em - 1 region. (b) SCB molecule in the optimized state 
and the two vibrational bands, 731 cm-1 and 1203 cm- 1 , which contribute to the 1912 cm- 1 
vibrational band. 
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Figure 2.9: Simulation and experimental spectra of SCB liquid crystal. 
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2.5 Linear Photothermal Studies on 8CB Liquid Crystal 
In photothermal spectroscopy [I] a modulated pump laser beam that is tuned to a selected 
absorption spectral band in a sample causes change in the scattered intensity of a probe 
beam. The probe beam typically differs in color, corresp onding to a wavelength far from the 
absorption resonance. The observed probe scattering signal arises primarily from modulated 
change in the refractive index D..n due to localized heating by the pump beam. The change in 
the refractive index can be detected by measuring the modulated scattering intensity, which 
is proportional to 6.n2 in homodyne detection. A description of the photothermal setup and 
the temperature and refractive index profile is demonstrated on figure 2.10. 
Sample 
T 
Pump 
Probe 
Figure 2.10: Pump-probe photothermal setup and a representation of the temperature and 
refractive index profile. 
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The signal is phase locked to the modulation frequency of the pump beam using a con-
ventional photodetector and a lock-in amplifier (Zurich Instruments, HF2LI). We use pho-
tothermal heterodyne [91] spectroscopy to study the liquid crystal 4-0ctyl-4~Cyanobiphenyl 
(8CB) at different phases. Cyanobiphenyls form a well-studied class of liquid crystals, with 
rich phase behavior [110, 111] characterized by strong vibrational infrared absorption bands 
in the fingerprint region [112]. Our pump beam is a mid-IR tunable CW /pulsed external 
cavity quantum cascade laser (Daylight Solutions Inc., ECqcL) that can be tuned to any 
molecular normal modes that lies within the wavelength tuning range of the laser of 1830 
cm- 1 to 1990 Cln- 1 . The probe beam is provided by a Ti:sapphire laser operating in CW 
mode at 800 nm. 
Computer 
Lock In Ampl ifier 
Figure 2.11: Experimental setup for photothermal studies on 8CB liquid crystal. QCL pump 
beam and Ti:sapphire probe beam are spatially co-aligned with the dichroic beamsplitter 
and focused onto t he sample with ZnSe focusing objective. A ZnSe lens and second dichroic 
are used for measurements of direct absorbance and photothermal absorbance by InSb and 
Si-photodetector, respectively. 
The experimental setup is shown in figure 2.11 , illustrating a collinear two-photon pump-
probe spectroscopy. A mid IR QCL beam at 5.23f.J,m serves as the heating beam and a 
Ti:sapphire cw beam at 800 nm serves as a probe. The QCL beam is modulated with a 
mechanical chopper at 20 H z frequency. Alternatively, the QCL may be operated in pulsed 
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mode, modulated up to 100 kHz with a maximum duty cycle of 5%. The two beams are 
collinearly combined using a dichroic mirror (DM) and focused coaxially into the sample by 
a zinc-selenide (ZnSe) focusing objective (NA = 0.25). The mid-IR QCL Gaussian beam is 
focused into the sample with a beam waist diameter of 22 j..l.m ± 3 j..l.m. The Ti:sapphire probe 
has a beam waist diameter of 16 IJ.m ± 3 !J.ffi. The beam waist diameters were measured 
using a z-scan technique [122] by moving a pinhole in and out of focus of the laser beam. 
The measurements were performed translating an one-axis stage for 4 mm with 0.1 mm 
resolution. We used a 75 IJ.m circular pinhole that was translated across the focal point of the 
ZnSe focusing objective. The purpose of this z-scan method was to measure the beam waist 
of the infrared pump beam from the QCL and of the probe beam from the Ti-Sapph laser. 
QCL was set at CW mode at 1900 cm- 1 and 310 rnA. The transmitted beams are collected 
by a ZnSe lens with a 25 mm focal length. The pump and probe beams are separated using a 
second dichroic beamsplitter. They are focused onto an InSb liquid nitrogen-cooled detector 
and a Si-photodetector for pump and probe beam measurements, respectively. This setup 
allows for comparison between direct mid-infrared absorbance and heterodyne photothermal 
detection in the same sample under identical conditions as demonstrated in figure 2.11. 
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Figure 2. 12: (a) Sample was sandwiched between two CaF2 windows and a 50 ~m Mylar 
spacer was used to control the 8CB liquid crystal thickenss. (b) Corresponding FTIR ab-
sorbance measurement on the 8CB liquid crystal showing the weak combinational band at 
1912 cm-1 . 
The 4-0ctyl-4~Cyanobiphenyl (8CB) liquid crystal sample was sandwiched between cleaned 
calcium fluoride (CaF2 ) windows with 50 ~m Mylar spacer as shown in figure 2.12a. In the 
absence of rubbing or surface coating t he molecular alignment is homogeneous, with no pre-
ferred direction at either CaF 2 window substrate. Observation of t he sample with visible 
light under crossed polarizers did not show any homeotropic alignment of the sample as a 
whole. The FTIR absorbance spectrum as shown in figure 2.12b has a sharp C-N stretch 
band at 2227 cm-1 . A weak combination band, thought to arise from out-of-plane CH vi-
brations [123], is centered at 1912 cm-1 and lies wit hin t he tuning range of the laser with a 
molar extinction coefficient of 14.9 M-1cm-1 . 
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Figure 2.13: FTIR and photothermal spectroscopy on the 50 11-m thick SCB liquid crystal. 
Figure 2.13 shows the corresponding photothermal response on the same sample. The 
signal shown is the probe response from an inexpensive Si photodiode plotted as a function 
of the mid-infrared QCL frequency. While the FTIR absorbance and photothermal spectra 
are very similar, the two responses are not identical. The FTIR measurements can be 
taken with a background correction for H20 , C02 and other atmospheric conditions , while 
photothermal measurements are background free. In The photothermal signal, due to the 
weak mid-infrared combination mode, could be observed in the smectic-A, nematic , and 
isotropic phases of the SCB liquid · crystal. The linear photothermal response shows the 
same spectrum as the FTIR absorbance with the peak centered at 1912 cm-1 . 
The QCL mid IR laser beam was tuned at the absorption peak of the sample and the 
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output power was varied from 40 mW to 100 mW. Losses at the beamsplitters and coupling 
optics resulted in an estimated incident intensity on the sample of rv 1.2 x 104 W/cm2 . The 
probe beam power was set at 100 m W in the cw mode, with the estimated probe intensity 
at the sample of rv 2 x 104 W/cm2 . The base temperatme of the sample is controlled using 
a circulating water bath, and it can be varied for the initial temperatme of t he sample to 
be set in any of the desired liquid crystal phases. When the 8CB sample is illuminated with 
the QCL mid-IR somce, a local transient temperatme jump is induced at the fo cused spot 
leading to the photothermal response shown in figm e 2.13 for all the phases. Prior studies 
have demonstrated the utility of the photot hermal effect in dye-doped liquid crystals [124] 
and shown important guest-host interactions between the dye and the liquid crystals [125]. 
A recent paper [90] used visible light absorption of gold nanoparticles to show enhanced 
photothermal response due to thermotropic transitions in a 5CB liquid crystal sample. Om 
work reports on the direct photothermal excitation of mid-infrared vibrational normal modes 
in the liquid crystal molecules . 
2.6 Photothermal Temperature Measurements 
We studied the photothermal response in multiple phases of the liquid crystal. A description 
of t he phases is shown in figme 2.14. In t he smectic-A phase, the molecular axis is per-
pendicular to the plane of layers and the molecules posses both positional and orientational 
order. Hence, they form closed packed unidirectional latices. In the nematic phase, the 
molecules on average are aligned in a specific direction. They do not have positional order 
but have long range orientational order with t he long axis almost parallel to each other . 
Finally, isotropic phase, where molecules do not have a particular direction or position. 
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Figure 2.14: 8CB liquid crystal phases. Smectic-A phase, the molecular axis is perpendicular 
to t he plane of layers. Nematic phase, the molecules on average are aligned in a specific 
direction. Isotropic phase, molecules do not have a particular direction 
Figure 2.15 shows the mid-infrared photothermal response in the solid , smectic-A, ne-
matic and isotropic phases. The initial temperature on t he sample was controlled with a 
liquid chiller/heater and the temperature was varied from 13 C to 55 C. The mid-infrared 
photothermal response increases linearly as t he 8CB sample base temperature is increased 
from 13 C to 35 Cas shown in figure 2.15. In the solid phase, figure 2.15a, and in the smectic-
A phase, figure 2. 15b, the photothermal signal increased linearly and t he peak shape was 
unchanged as we increased t he temperature. The photothermal response also increased lin-
early in the nematic phase, but it remained constant in the isotropic phase as shown in 
figure 2.15d. As we approached t he isotropic region, however, the shape of the photothermal 
signal changed. Here we observed peak splitting effect, which is shown in figure 2.15c. The 
photothermal response for all t he studied phases is shown in figure 2.16. 
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Figure 2.15: Photothermal response on 8CB liquid crystal sample. (a) Photothermal re-
sponse in the solid phase (b) Photothermal response in the smectic-A phase, (c) Photother-
mal response in the nematic phase, (d) Photothermal response in the isotropic phase 
Apparent peak splitting in nonlinear photothermal and photoacoustic spectroscopy of 
nanoparticles in the visible region previously has been reported by Zharov [1 26], where 
the effect was attributed to reduced scattering from nanobubbles caused by laser heating. 
Optical scattering from t hermally generated clusters [126] reduces the photothermal response 
in t he nonlinear regime. Such a mechanism for peak splitting is expected to hold for mid-
infrared photothermal spectroscopy as well. This reduced signal is expected to coincide 
with the peak of the infrared pump absorption, i.e. at 1912 cm-1 , as shown in figure 2.15c 
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. The microscopic mechanism for bubble or cluster generation, and the scattering cross-
section, varies from sample to sample. At high input power, a central volume near the focal 
spot of the liquid crystal sample in the nematic phase may be photothermally excited into 
the isotropic phase, resulting in the formation of clusters of the isotropic phase in a cooler 
nematic environment. Alternate mechanisms may include nonlinear variation in t he dielectric 
response, from dimerization [127] or a change in the order parameter [128]. Refinement of a 
quantitative nonlinear model will allow for the microscopic mechanism behind the observed 
peak splitting to be clarified. The observed peak splitting phenomenon shares some general 
aspects of spectral hole burning [129], but the approach is qualitatively different. In classical 
hole burning, the imaginary part of the dielectric function at the probe frequency is altered 
(i.e ., reduced absorption). In our case the real part of the dielectric response at the probe 
frequency, related to the refractive index, is altered. In support of this hypothesis, we note 
below that the spectrum measured by the cryogenic infrared detector does not show peak 
splitting; only the scattered photothermal response does. At high power, in the nonlinear 
regime near phase transitions, the photothermal response shows features not observed in 
linear FTIR spectroscopy. 
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FTIR spectroscopy. The smectic-A absorptions peaks are shown in blue, the nematic phase 
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To verify that the signal is indeed due to the photothermal response, we measured the 
FTIR absorption by varying the temperature on the 8CB liquid crystal sample as shown in 
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figure 2.17 . We looked at the combination band in the IR absorption spectra at 1912 cm - 1 . 
As we increased the t emperature well in the isotropic phase, we observed no p eak splitting 
effect . Within each phase, t he area under the absorbance peaks decreased as we increased 
the sample temperature as shown . This decrease in integrated area arises most likely from 
a change in molecular orientation correlated to the order paramet er , but additional studies 
are needed to quantify the correlation . We observed a change in slope at the nematic-
isotropic phase transition boundary, consist ent wit h the different ial scanning calorimetry 
(DSC) measurements. At high laser power incident on a sample poised just below the phase 
t ransition t emperature, the photothermal signals can be extremely sensitive and nonlinear , 
leading to observed differences from linear FTIR spectroscopy. Taken together , our work 
suggests that linear photothermal infrared heterodyne detection can map infrared sp ectral 
features consist ent with FTIR within a given phase. 
In conclusion , we report the detection of a mid-infrared spectrum using photothermal 
spectroscopy. We performed detail studies of the vibrational band and other properties of 
t he 8CB liquid cryst al. As an illust ration , we report on t he observation of a mid-infrared 
photothermal signal in a liquid crystal sample near room temperature. Temperature ex-
periments show a linear dependence of the photothermal signal in some of the phases and 
nonlinearity observed in the nematic to isotropic phase t ransition. An unusual behavior only 
observed in the photothermal spectra but not in the FTIR studies. Our method allows for 
det ection of mid-infrared absorption wit hout using exp ensive cryogenic detectors. 
Chapter 3 
Nonlinear Photothermal Spectroscopy 
3.1 Abstract 
We report on the mid-infrared nonlinear photothermal spectrum of the neat liquid crys-
tal 4-0ctyl-4'-Cyanobiphenyl (8CB) using a tunable Quantum Cascade Laser (QCL). The 
non-equilibrium steady state characterized by the nonlinear photothermal infrared response 
undergoes a supercritical bifurcation. The bifurcation, observed in heterodyne two-color 
pump-probe detection, leads to ultrasharp nonlinear infrared spectra similar to those re-
ported in the visible region. A systematic study of the peak splitting as function of absorbed 
infrared power shows the bifurcation has a critical exponent of 0.5. The observation of an ap-
parently universal critical exponent in a nonequilibrium state is explained using an analytical 
model analogous of mean field theory. Apart from the intrinsic interest for nonequilibrium 
studies, nonlinear photothermal methods lead to a dramatic narrowing of spectral lines, 
giving rise to a potential new contrast mechanism for the rapidly emerging new field of 
mid-infrared microspectroscopy using QCLs. 
3.2 Introduction to Nonlinear PTS 
Photothermal spectroscopy [1] has rapidly emerged as the most sensitive label-free optical 
spectroscopic method rivaling fluorescence spectroscopy particularly for nomadiative excited 
states. A nonequilibrium state is created in a sample by the absorption of a modulated 
pump laser and detected using the scatter [105] of a probe laser. When the pump laser is 
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pulsed periodically, phase-lock methods allow the resultant nonequilibrium steady state to be 
studied with high sensitivity. In linear photothermal spectroscopy, the scattered probe signal 
is a linear function of the pump power with reported sensitivity down to the single molecule 
level at room temperature [101, 102] . Recognition of the advantages of sensitivity and label-
free nature have led to rapid development of linear photothermal methods in the visible 
region, both for spectroscopy and microscopy [50, 85,103, 104]. Photothermal spectroscopy 
has been used to characterize weak absorption [51, 89, 130] in solids and liquids and for 
spectroscopy of heri1e proteins and imaging in mitochondria [50,85] . Zharov and co-workers 
[92, 94, 95, 126] have extended photothermal and photoacoustic spectroscopy to the nonlinear 
regime with reported splitting and sharpening of photothermal spectral signatures in the 
visible as demonstrated in figure 3.1. The nonlinear photothermal (PT) and photoacoustic 
(PA) responses was explained by the formation of nanobubbles in the sample. There is a 
laser energy tln·eshold that nucleates the bubbles and gives rise to the nonlinear signal. 
Nonlinear spectral methods have the potential to significantly enhance the range of ap-
plications of photothermal microscopy [131] and superresolution imaging [93]. We extend 
nonlinear photothermal methods into the mid-infrared region of the spectrum using a Quan-
tum Cascade Laser ( QCL) as the pump laser and present a detailed study of the striking 
peak splitting phenomenon, called Zharov splitting, characterized by a sharpening of mid-
infrared photothermal spectrum in a liquid crystal. The tunability and power control of the 
QCL allow us to study the peak splitting in greater detail than was possible before . We 
show that the peak splitting is analogous to a supercritical bifurcation in nonlinear dynam-
ical systems, with a "mean field" exponent of 0.5. The observations raise the possibility of 
universal behavior in the nonequilibrium steady state. 
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3.3 Materials, Methods and Experimental Setup 
The experimental setup for nonlinear photothermal IR spectroscopy is shown in figure 3.2. A 
tunable cw /pulsed external cavity Quantum Cascade Laser (Daylight Solutions, Inc.) source 
tuned to a selected intrinsic absorption band serves as the modulated pump beam. The QCL 
was operated in pulsed mode, with 500 ns pulsewidths with a repetition rate of up to 100 kHz, 
corresponding to a maximum duty cycle of 5%. Absorption in t he sample causes a thermally 
induced nonequilibrium change 6n in the refractive index experienced by a collinear probe 
beam, tuned to a wavelength far from any resonance. The nonequilibrium change arises from 
both a change in temperature .6. T within a particular phase of the liquid crystal, or from a 
change in the phase of the liquid crystal, as explained in the previous chapter. The probe 
beam, provided by a Ti:Sapphire laser tuned to 800 nm in cw mode, experiences scattering . 
due to 6n, which can be detected by measuring the modulated scattered probe intensity, 
either in homodyne detection with the resultant signal being proportional to 6 n2 , or in 
heterodyne detection [105] where the signal is proportional to 6n. 
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Figure 3.2: Experimental setup for photothermal detection. The modulated QCL pump 
beam and Ti:Sapphire probe beam are co-aligned with the dichroic mirror and focused onto 
the sample by a special ZnSe objective. M-mirror, DM-dichroic mirror, and BS-beamsplitter. 
In our setup , the pump and probe beams are collinearly combined using a dichroic mirror 
(DM) and focused coaxially onto the sample by a zinc-selenide (ZnSe) focusing objective 
(NA= 0.25). The mid-IR Quantum Cascade Laser (Daylight Solutions) is focused onto the 
sample with a Gaussian beam waist diameter of 22 !J.m ± 3 !J.m. Losses at the beamsplitters 
and in the ZnSe objective lens resulted in an estimated QCL pump beam incident intensity 
on the sample of up to a maximum of "' 1.2 x 104 W I cm2 . The probe beam is separated 
by a beamsplitter into a reference beam and a sample beam and the photothermal signal is 
measured as their ratio. At the sample, the probe beam has a beam waist diameter of 16 !J.m 
± 3 !J.m. The incident probe beam power was set at 100 m W. Losses in the ZnSe objective 
and the coupling optics, due primarily to reflection losses, resulted in an estimated probe 
beam intensity at the sample of "' 2 x 104 W I cm2 . The transmitted pump and probe 
beams are then collected by a ZnSe lens with focal length of 25 mm. The pump and probe 
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beams are separated using a second dichroic beamsplitter. The pump beam is focused onto 
an InSb liquid nitrogen-cooled detector for in situ monitoring of the IR absorption. The 
intensity of the probe beam is measured using a Si-photodetector. This set-up allows for 
comparison between direct mid-infrared detection and heterodyne photothermal detection 
in the same sample under identical conditions. The QCL was operated in pulsed mode, 
with 500 ns pulsewidths with a repetition rate ranging from 1-100 kHz, corresponding to 
a maximum duty cycle of 5%. To enhance sensitivity, the probe signal is detected using 
a conventional Si-photodetector using a lock-in amplifier, phase locked to the modulation 
frequency of the pump beam. 
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band at 2227 cm-1 and the weak combinational band at 1912 cm-1 . (b) Gaussian fitting of 
the absorption spectrum of the combination band. The dashed lines shows the contribution 
from the two fitted Gaussian components. 
For mid-IR photothermal studies, the 4-0ctyl-4'-Cyanobiphenyl (SCB) liquid crystal sam-
ple was sandwiched between cleaned CaF 2 windows with 50 1-1m Mylar spacer. In the absence 
of rubbing or surface coating the molecular alignment of the bulk is homogeneous, with no 
preferred direction at either CaF 2 window substrate. Observation with visible light under 
crossed polarizers did not show homeotropic alignment of the sample as a whole. QCL mid 
IR laser beam was tuned across the absorption peak of the sample, centered at 1912 cm- 1 
as shown in figure 3.3. As the QCL current was increased from the threshold of 500 rnA to a 
maximum of 750 rnA, the average output power varied over a range from rv 5 m W to above 
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Figure 3.4: (a) Measured QCL power as a function of wavenumber for some of the user input 
QCL currents. The dashed line at 1900 cm-1 is plotted on (b). It shows the linear relation 
between the QCL input current and the QCL output power for t he QCL frequency of 1910 
cm- 1 . 
30 mW as shown in figure 3.4a. The QCL power was measured as a function of the QCL 
current and it shows that it is linearly dependent, figure 3.4b: Also, to note is the QCL max 
power was achieved at 1900 em - 1 . The base temperature of the sample was controlled by 
using a circulating water bath and measured with a thermocouple integrated into the brass 
sample holder. 
Cyanobiphenyls form a well-studied class of thermotropic liquid crystals, with rich phase 
behavior [112, 127, 132], which we have used in our photothermal [46, 133] and plasmonics 
studies [134,135]. T he liquid crystal 4-0ctyl-4'-Cyanobiphenyl (SCB) experiences well-known 
phase transitions, from smectic-A phase (SmA) to nematic phase (N) at 306.5 K and t hen 
to the isotropic phase (I) at 313.5 K [132, 136 , 137] shown by t he endotherms in differential 
scanning calorimetry (DSC) measurements in figure 3.5. 
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Figure 3.5: Differential scanning calorimetry of 8CB liquid crystal showing three phases with 
an illustration of the orientations of the molecule director in the Smectic-A phase (SmA), 
the Nematic phase (N) and the Isotropic phase (I). 
For mid-IR photothermal studies, the 4-0ctyl-4'-Cyanobiphenyl (8CB) liquid crystal sam-
ple was sandwiched between cleaned CaF2 windows with 50 1-1m Mylar spacer. In the absence 
of rubbing or surface coating the molecular alignment of the bulk is homogeneous, with no 
preferred direction at either of the two CaF2 windows. Observation with visible light under 
crossed polarizers did not show homeotropic alignment of the sample as a whole. The FTIR 
absorbance spectrum in figure 3.3 shows a weak combination band, thought to arise from 
out-of-plane CH vibrations [123] centered at 1912 cm-1 and lies within the tuning range 
of the QCL laser with a molar extinction coefficient of 14.9 M-1 cm-1 . The base temper-
ature of the sample is controlled using a circulating water bath. The photothermal signal 
due to the weak mid-infrared combination mode could be observed in all of the phases of 
8CB. Previous photothermal studies of liquid crystals required the use of a dye [124] or gold 
nanoparticles [90], and a detailed understanding of guest-host interactions [125] . In contrast, 
photothermal infrared spectroscopy [46, 109, 133] is inherently label-free. 
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3.4 Evolution of PTS Signal From Linear to Nonlinear 
Figure 3.5 shows a sequence of 25 photothermal absorption. spectra of 8CB at a temperature 
of 29 C in the smectic-A phase as the current in the QCL, and hence the incident IR power, 
is increased . The intensity at the sample varied over a range 0.1 - 1.2 x 104 W / cm2 . 
The observed photothermal signal depends on the power absorbed by the sample at each 
frequency. For a given value of the QCL current, the incident power at each frequency was 
independently measured using the cryogenically cooled detector and calibrated using a power 
meter in the absence of the sample cell. 
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Figure 3.6: (a) 3-D plot of the photothermal signal as a function of the QCL frequency Yin 
wavenurribers, and as a function of QCL power P in 8CB at 29 C. (b) Linear photothermal 
signal and a representation of the heated zone in the liquid crystal sample. (c) Single peak 
nonlinear photothermal response showing a larger heated zone. (d) Bifuracating double peak 
nonlinear response and a representation of the bubble formation. 
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Four different regimes can be identified: (i) As t he QCL current is increased, the magni-
tude of the PTS signal at the peak absorption frequency 1912 cm- 1 increases linearly at first, 
but the band shape is unchanged. (ii) At higher currents , it can be seen that the amplitude 
of the PTS also has a weak quadratic dependence, figure 3.6a, but the shape of the spectral 
band is still unaltered. (iii) Above a first threshold a narrow spike appears centered near 
t he absorption peak frequency, figure 3.6c. (iv) As the absorbed power is increased beyond 
a critical threshold of absorbed power P c, the narrow peak splits into two branches and each 
branch sharpens still further, figure 3.6d. 
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Figure 3.7: Superposed linear and nonlinear photothermal spectra showing Zharov splitting 
and ultrasharp narrowing in both the red and blue shifted nonlinear photothermal split 
peaks. 
Figure 3.7 shows a superposition of the photothermal spectrum in the linear and nonlinear 
regimes. The spectra are normalized to illustrate the dramatic narrowing of the split red and 
blue shifted peaks in t he nonlinear spectrum, compared to the linear absorption spectrum. 
The separation 6. v between the peak center frequencies of each of the two branches increases 
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with power P. We find that for a given base sample temperature T , the critical threshold 
absorbed power P c required for peak splitting is remarkably reproducible and is a function 
of temperature T. 
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Figure 3.8: (a)A characteristic linear photothermal response of the 50 j..Lm 8CB liquid crystal 
sample. The mid-IR QCL pump beam was tuned from 1830 cm- 1 to 1990 cm-1 and operated 
in pulsed mode. The Si-photodiode response of the Ti:Sapph probe beam is plotted as a 
function of the QCL wavenumber. Fitting of the photothermal spectrum to a single Gaussian 
with the peak at 1912 cm- 1 (b) Nonlinear photothermal signal showing the bifurcating 
response. Gaussian fit indicates the central linear peak at 1912 cm- 1 and the nonlinear 
response shows the red and blue spectral shifting at 1899 cm-1 and 1921 cm-1 . 
At low pump power, the photothermal spectrum is identical to the linear IR absorption 
spectrum as displayed in figure 3.8a. We used a single Gaussian fit and show the central 
peak at 1912 cm- 1 as seen by the FTIR. The nonlinear response is shown in figure 3.8b 
with the double peaks. The single Gaussian fit indicates the central 1912 cm-1 peak and 
the bifurcation red and blue shifted peaks are at 1899 cm-1 and 1921 cm-1 . The linear 
spectrum was measured in two different ways - using a commercial FTIR spectrometer and 
by measuring the transmitted IR signal from the QCL using an InSb cryogenically cooled 
detector in single beam mode. The IR signal was measured simultaneously along with the 
photothermal response. 
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Figure 3.9: (a)Peak frequency as a funct ion of QCL current. T he dashed line is a fit of the 
peak frequency in the linear regime. The error bars on t he frequency are ± 1 cm- 1 . Solid 
lines are fits to a phenomenological model in which t he separation between the bifurcat ed 
peaks 6.v is proportional to (P - Pc)f3 for P > Pc. T he fitted value of the exponent (3 is 0.5 
± 0. 01 . (b) Observed data showing t he peak splitting phenomenon project ed onto the v-
I plane, where I is the QCL current. Increasing QCL current result s in increasing incident 
power P , wit h t he calibrat ion between P and I for each QCL frequency. 
F igure 3.9 shows the striking peak splitting at 29 C. Plotting t he center of t he photother-
mal absorption peak as a funct ion of QCL current, figure 3.9a, reveals the unique exponent of 
0.5. T he evolut ion of the photothermal response is also shown in t he surface plot highlighting 
t he dramatic bifurcat ion. 
3.5 Temperature Studies of the Nonlinear PTS 
In order to invest igat e the nature of t he bifurcation, we measured the photothermal response 
as a function of temperature, QCL frequency and absorbed power. Figure 3.10 shows the 
peak splitt ing response for a selected set of sample base temperatures. At each t emp erature, 
t he peaks split and display t he same 6.v ex: ( P - P c ) 112 dependence on t he incident QCL 
laser power P . 
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Figure 3.10: Phase transition temperature dependent nonlinear photothermal response of 
SCB liquid crystal. The SCB liquid crystal undergoes a phase transition from smectic-A 
phase to nematic phase at 33.5 C. (a)-(f) Medium temperature in the smectic-A phase where 
the molecular long axis is perpendicular to the plane of layers. (g)- (i) Nematic phase where 
the molecules align along an average direction. The critical power for nonlinear bifurcation 
moves toward lower QCL power as the medium temperature increases towards the nematic 
phase. A chaotic behavior is observed right at the phase transition (e) and (f). Multiple 
bifurcations are observed at higher temperatures where clusters of nanobubbles are being 
formed. 
The robustness of the scaling exponent was tested by fitting to a generalized power law 
of the form t6.v = b(P- Pc)/3 where the exponent (3 is allowed to vary and is not constrained, 
figure 3.1la-e, along with the parameter b. A histogram of the exponents under different 
experimental conditions gave a range for (3 = 0.5 ± 0.01, independent of temperature, figure 
3.11£. The critical power decreased linearly as the sample temperature is raised from 28 C 
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to 32 C, approaching the SmA-N phase transition temperature . Above about 31 C, peak 
splitt ing occurs in the photothermal spectrum even just above the lasing t hreshold of the 
QCL. To summarize, all the peak splitting data can be fitted with a single universal curve in 
which the peak frequency split can be fit to form , with an apparently universal temperature 
independent exponent 13 = 0.5. 
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Figure 3.11: (a-e) Analysis of nonlinear photothermal bifurcation at different sample t emper-
atures 28 C - 32 C. Dat a points are obtained as in figure 3.9, and the fits are solid lines 6.v 
is proportional to (P- Pc)f3 where the exponent 13 was allowed to vary. (f) Histogram of the 
experimentally derived exponents at different temperatures for both t he blue-shifted(blue 
bars) and red-shifted (red bars) branches of the bifurcation. The exponent 13 = 0.5 ± 0.01 . 
Also shown is a histogram of the fitted values of Pc at different temperatures. 
3.6 Curve Fitting and Analysis of the Bifurcation 
While it is initially tempting to conclude that our observations listed above are specific 
to phase transitions in liquid crystals, the observation of the peak splitting phenomenon 
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by Zharov and co-workers on a completely different aqueous physical system suggests that 
the phenomenon is rather general, requiring only the nucleation of a higher temperature 
phase. The exponent associated with the peak splitting phenomenon is observed in our work 
for a nonequilibrium system, complementary to equilibrium studies in the rich literature 
on effective critical exponents belonging to the 3-D XY universality class near the smectic 
A-nematic phase transition in bulk 8CB [132], and in other systems [111]. The observed 
exponent of 0.5 is generally expected for dynamical systems that exhibit pitchfork bifurcation 
[138], which is intimately related to the mean field dynamics theory [139] of an equilibrium 
order parameter with Z2 symmetry, such as the Ising model near a phase transition. The 
framework for analysis of our nonequilibrium steady state experiments is set by the prior work 
on nanoparticles in aqueous media in the visible region of the electromagnetic spectrum [126], 
where the peak splitting effect was attributed to reduced forward scattering due to the 
formation of "nanobubbles" caused by laser heating. 
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Figure 3.12: (a) Linear and nonlinear regimes in photothermal IR spectroscopy in 8CB at 29 
C. Spectra have been displaced vertically for clarity. At small QCL current , the photothermal 
spectrum closely follows the linear FTIR spectrum. At high currents, the spectrum indicates 
a bifurcation. The critical power at the peak frequency is at incident QCL power of 0.021 W. 
(b) Full-Width-at-Half-Maximum (FWHM) of the linear PTS spectrum, and the blue shifted 
nonlinear branch following bifurcation, at 29 C. The solid line is a fit to the phenomenological 
model with the FWHM is proportional to ( P - Pc) - l / 2 . 
The formation of bubbles, with a discontinuous boundary in the refractive index between 
two phases, results in significant elastic backscatter of t he probe beam due to a combination 
of Mie scattering and mult iple scattering events. The contribution to forward elastic scatter 
of the probe beam then decreases, and the observed PTS signal also decreases. Optical 
elastic scattering into large magnitude q-vectors from t hermally generated clusters [126] 
thus reduces the photothermal response in the nonlinear regime. Forward elastic scattering 
can also be reduced because of enhanced director fluctuations in the nematic phase. A simple 
way to think about this rather complex explanation is the following: the PTS signal is due 
to t he formation of a thermal lens [1] ; creation of bubbles destroys the thermal lens leading 
to a loss in t he signal [126] . Such a mechanism for peak splitting is expected to hold for 
mid-infrared photothermal spectroscopy as well. Based on this analysis, we expect t hat the 
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first observable reduction in the scattered photothermal signal to coincide with the peak of 
the infrared pump absorption, i.e. at 1912 em-\ as shown in figure 3.12. The microscopic 
mechanism for bubble or cluster generation, and the scattering cross-section, varies from 
sample to sample. The observed peak splitting phenomenon shares some general aspects of 
spectral hole burning [129], but the approach here is qualitatively different. In conventional 
hole-burning spectroscopy, the density of states of the chromophore is altered by an external 
laser which "burns a hole" in the absorption or emission spectrum. In our experiments, 
as noted above, the transmitted mid-infrared radiation detected by a cryogenically cooled 
detector, does not show any sign of the peak splitting phenonmenon. Only the forward 
scattered probe shows this effect. Thus the density of states of the chromophore is not 
altered, in contrast to conventional hole-burning spectroscopy. 
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Figure 3.13: (a) Infrared response measured with the InSb detector. QCL was set at max-
imum input current of 750 rnA and there is no peak-splitting phenomenon observed. (b) 
Photothermal response measured with the photodetector showing the characteristic peak-
splitting. 
In classical hole burning the imaginary part of the dielectric function at the probe fre-
quency is altered, (i.e. reduced absorption). In our case the real part of the dielectric 
response at the probe frequency, related to the refractive index, is altered. In support of this 
hypothesis, we note below that the spectrum measured by the cryogenic infrared detector 
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does not show peak splitting figure 3.13; only the scattered photothermal response does. In 
linear photothermal spectroscopy, the signal depends on both the pump power P pump and 
the probe power P probe, the absorption spectn,1.m of the sample as a function of the pump 
frequency, as well as on geometric factors. In the theoretical models developed by Berciaud 
et al [105], for a sample with a characteristic absorption spectrum described by f(>.) , the 
linear scattering signal power SLinear depends on the probe wavelength Aprobe and is linearly 
proportional to both the probe laser power, and the pump power. 
(3.1) 
In our n.onlinear experiments, the observed signals are still linear in the probe power, 
but nonlinear as a function of the pump power. All the data presented used a lock-in 
amplifier to detect the scattered probe signal modulated at the pump frequency of 100kHz 
. The transmitted pump power provides an in situ measurement of the infrared absorption 
spectrum. The transmitted IR power is consistent with the FTIR linear spectrum, and does 
not show a bifurcation transition. 
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3. 7 Analytic Model Explaining the Nonlinear Bifurcation 
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Figure 3.14: Surface plot of the calculated photothermal signal Srot using the phenomeno-
logical model. The scaled dimensionless QCL frequency x and the scaled dimensionless QCL 
power y are defined in the text. 
The calculation from a phenomenological mean-field model for the nonlinear photothermal 
response is shown in figure 3.14. To understand why peak splitting occurs in the photother-
mal spectrum, but not in the IR absorption spectrum t hat is being simultaneously monitored, 
the discussion in the above paragraph suggests a simple model. The nonlinear contribution 
SNL to the observed photothermal scattering signal in figure 3.12 can be considered to be 
a function of two variables SNL(v , P) , where v is t he infrared QCL frequency and P is 
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Figure 3.15: (a)Photothermal response in the low incident pump power of 0.01 W , where the 
response is still in the linear regime. Solid line is a fit to a Gaussian function in frequency 
with a FWHM 37 ± 2 cm-1 . (b) Photothermal response above the bifurcation transit ion for 
29 C, as a function of incident infrared power P , for a fixed frequency at the peak of the IR 
absorption band 1912 cm- 1 . The solid line is a fit to a term linear in the power to represent 
the linear response and a Gaussian form for the nonlinear component as described in the 
text. 
the incident power of the QCL that serves as control parameter. The dependence on other 
experimental variables like the temperature, probe wavelength and probe power is implicit 
in the parametrization of the model. At a fixed QCL frequency close to the peak of the in-
frared band, the observed nonlinear contribution can be fit to a phenomenological Gaussian 
functional form, as shown in figure 3.15. 
(3.2) 
For a fixed QCL frequency, the parameter E., sets the width of the Gaussian as a function 
of incident QCL power. The parameter Pr depends on the IR QCL frequency and has a 
simple interpretation - it represents the incident QCL power at which the maximum pho-
tothermal signal is detected. Physically it represents a threshold power above which scatter 
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from nanobubble formation leads to a decrease in the forward scattered probe signal. Since 
the bubble formation depends on the power absorbed in the sample, we expect Pr to be the 
smallest when the QCL is tuned to the peak of the resonance frequency '"" 1912 cm-1 . As 
the QCL frequency is detuned from resonance, increasingly greater incident power is needed 
to reach the same threshold for bubble formation. It is then obvious that the functional de-
pendence of Pr on the frequency is the reciprocal of the linear FTIR absorbance spectrum. 
For the specific case of the combination band studied here, the linear IR spectrum is approx-
imately a Gaussian centered at the peak IR frequency '"" e -v-vo 2 12(72 , where O" is determined 
by the Full-Width-at-Half-Maximum (FWHM) of the linear FTIR spectrum. The threshold 
parameter in equation 3.2 is then given by Pr=P c e +(v- vo)2 12(7 2 leading to a simple analytic 
functional form for the nonlinear photothermal signal: 
2 (v-v ) 2 
SNL(v, P) = Soexp -~ { P- Pee~} [ . 2] (3.3) 
In the simplest analysis, the total experimentally observed signal Srot is a sum of the 
nonlinear component SNL, and the linear response SL , Srat = SL- SNL· In this analysis the 
linear response is of the form SL(-v, P) = fr- P e-(v-vo) 2 / 2r7 2 where t he factor f.>- depends on the 
probe wavelength, probe power, collection and geometric factors , as discussed extensively 
by Berciaud et al [105]. In simply summing the linear and nonlinear responses , interference 
effects are ·neglected. Figure 3d shows a surface plot of the sum of the linear and nonlinear 
contributions Srat = SL - SNL· As seen in figure 3. 14, the function captures t he essence of 
the peak splitting phenomenon and yields the correct value of the critical exponent 0.5. S0 
is independent of the QCL frequency. The peak frequency of the nonlinear photothermal 
spectrum SNL can be obtained easily from the analytic form. To make contact with the 
well-established formalism of nonlinear maps and dynamical systems, we consider the formal 
problem of finding the maximum of function SNL(-v , P) . Defining a "free energy" F = -ln 
SNL(-v, P) , the maxima are then the minima ofF at constant power P , given by~~ lp= 0. The 
roots of the resulting algebraic equation give the peak frequency. Peak splitting occurs when 
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the equation has multiple roots . Considering the functional form as a nonlinear dynamical 
map , expressed in t erms of dimensionless variables x, y. 
(v- vo )2 
X= 20"2 
p 
y= -
Pc 
~ S = Saexp [ -(~ (y- ex2 ) 2] 
~ F = (2 (y- ex2) 2 
Close to the maximum x = 0, the map is clearly quadratic 
= 0 
= ±y!y=l 
(3 .4) 
(3.5) 
Expressed in terms of t he observed variables P and QCL frequency, it can be seen that (i) 
when P is less than Pc the peak frequency is at v 0 which is the maximum of the linear FTIR 
spectrum; (ii) when P exceeds P c the peak frequency of the nonlinear scattering signal is split 
into two branches, with D.v = b (P-Pc)f3 as observed. The exponent 0.5 arises mainly from 
the symmet ry. The Gaussian nature of the functional forms are not import ant , so long as 
they belong to t he universality class of quadratic maps. The t hreshold power P c required t o 
create a bubble of the higher t emperature phase depends on how far the sample t emperature 
is from the SmA-N phase transition temperature. The paramet er P c, which is determined 
in the non-equilibrium steady st at e, is linked closely t o an underlying equilibrium phase 
transition . Remarkably, this simple model also reproduces the observed sharpening of t he 
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nonlinear response observed in figure 3.12b. The formation of the nanobubble is significant 
not only for the sharpening observed in the nonlinear photothermal effect, but also in the 
related nonlinear photoacoustic resonances observed by Zharov et al [126] . 
The "mean field" approach correctly predicts the sharpening of the observed nonlinear 
photothermal spectral peaks above the bifurcation. Figure 3.12b shows that the widths of the 
nonlinear peaks, estimated by the Full-Width-at-Half-Maximum (FWHM), decrease as the 
incident QCL power increases. A straightforward calculation of the FWHM using the model 
of equation 3.3 confirms this. Quantitatively, just above the bifurcation transition, each of 
the two bifurcated peaks has a line width that diverges as 6.x± = ( (x- x±) 2 ) 112 ex (y - 1 )13' 
where the exponent (3' is also 0.5. Recasting this in terms of the experimental unsealed 
variables , the width of the narrow peaks decreases with increasing QCL power P as (P-
p c)-112 . The width of the ultrasharp features in our experiments is determined primarily 
by the rv 1 cm-1 linewidth and repeatability of the QCL laser frequency, and the precision 
with which the QCL power can be controlled. 
Studies of linewidths suggest the limitations of the approach. While figure 3.12a con-
firms the sharpening experimentally, there is an observed asymmetry in the line-widths in 
the upper and lower branches of the bifurcation, in studies performed at fixed QCL current. 
In the data shown in figure 3.7, the red-shifted peak has a linewidth of 1.7 cm-1, compared 
to the 2.5 cm- 1 linewidth of the blue-shifted peak. The asymmetry is due to several reasons. 
The first is a systematic experimental effect because, even at constant QCL current, the IR 
power incident at the two peak frequencies are slightly different, figure 3.4a. Also , due to 
a small offset between the maximum of the frequency in the Gain curve of the QCL and 
the 1912 cm- 1 IR absorption band peak. Correction for this systematic experimental effect 
does not however completely remove the observed asymmetry. A second contribution is due 
to an underlying weak asymmetry in the IR absorption spectrum, figure 3.3, which is not 
taken into account in equation 3.3. Extension to non-symmetric vibrational spectra may be 
done by expressing the threshold power in terms of the appropriate spectral moments, and 
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will lead t o corrections for the exponent. Also, the modeling only accounts for the linear 
photothermal response and the nonlinear bifurcation but not for the single peak nonlinearity 
as shown in figure 3.6c. A rigorous study in the linear-nonlinear t ransit ion is being exam-
ined and t he results will be shown in a fut ure journal publication . The analysis here must 
t herefore be regarded as a first st ep , wit h extensions necessitat ed by further observations on 
other nonlinear photothermal systems, account ing for fluctuations and finite size effects in 
syst ems driven into non-equilibrium steady state. The bifurcation and dramatic sharpening 
of infrared absorption spectroscopy may be universal with applications to biological syst ems 
and mat erials science and engineering. 
Chapter 4 
Photothermal Spectroscopy with Plasmonic 
Metamaterials 
4.1 Introduction 
Metal nanoparticles posses unique properties when interacting with light. When a modu-
lated electromagnetic field illuminates a metal nanoparticle that is much smaller than the 
wavelength, a collective coherent oscillation of electrons is formed [140-143] . The electric 
fields around the particles are greatly enhanced and the process is resonant at a particular 
wavelength of light. There are two different types of these coherent electron oscillations -
surface plasmon polaritons (SPP) and localized surface plasmons (LSP). In SPPs, the elec-
tron oscillation occurs when the real part of the dielectric function changes sign across a 
planar interface, which is usually achieved at a metal-dielectric interface [144]. Surface plas-
mons can propagate at the metal-dielectric interface and decay exponentially away from the 
interface. The LSPs are associated with small metal particles where light gets trapped. [145]. 
To further increase the sensitivity of our mid-infrared photothermal studies, we will utilize 
enhancement of light though surface plasmon polaritons. Plasmonic Metamaterials will be 
engineered for functional studies on monolayers of proteins and other biomolecules. 
Informed by extensive numerical simulations, electron beam lithography is used to fab-
ricate nanostructures that enhance selected vibrational infrared "fingerprint" (wavelength 
range 2 - 12 1-1m) modes of biomolecules. We will take advantage of the strong interaction 
between light and matter and will investigate properties of the material that are difficult to 
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detect through conventional spectroscopic methods. We are also looking at ways to control 
and dynamically tune the plasmonic resonances thermally. 
Previous work has demonstrated that IR spectroscopy and imaging in the "fingerprint" 
region can detect specific spectral signatures of biomolecules . These type of spectral imag-
ing can be used to detect cancerous areas of the tissues and could potentially serve as a 
pathology tool [146, 147] . Despite their great success, these techniques are based on FTIR 
spectrometry which has relative low sensitivity and low speed and is not capable of imag-
ing rapid biochemical changes in tissues. Also, the brightness of FTIR infrared sources is 
too low to provide good hyperspectral imaging. Infrared quantum cascade lasers (QCLs) 
have spectral brightness more than 105 greater than the Globar blackbody source and > 102 
greater than mid-infrared synchrotron radiation. It promises to provide unprecedented sensi-
tivity when combined with engineered plasmonic metamaterials. Altug et al. have pioneered 
the development of novel infrared plasmonic structures with tremendous enhancement in 
the mid-infrared region [134, 148-152]. I will use their expertise to investigate the role of 
plasmonic structures in photothermal studies. A home-built IR microscope is used in com-
bination with a tunable QCL, a plasmonic substrate and lock-in detection to measure the 
sensitivity and specificity of performing vibrational infrared spectroscopy on biomolecules . 
4.2 Role of Plasmonics for Photothermal Enhancement 
Plasmonic metamaterials have been used to enhance the photothermal response in the mid-
infrared. We found that gold plasmonic nanorods offer antenna like functionality in the 
mid-IR frequency range by giving rise to light enhancement though localized surface plas-
mons [149, 151]. Plasmonic Metamaterials were engineered for functional studies on mono-
layers of proteins and other biomolecules. Informed by extensive numerical simulations, elec-
tron beam lithography is used to fabricate nanostructures that enhance selected vibrational 
infrared "fingerprint" modes of biomolecules. Taking advantage of the strong interaction 
between light and matter we have investigated properties of the material that are difficult 
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to detect through conventional spectroscopic methods. We have established an understand-
ing of the mid-infrared photothermal spectroscopy using QCLs and we looked at plasmonic 
metamaterials to further increase the sensitivity of our mid infrared studies . Our results show 
a significant enhancement of the photothermal signal of 5CB liquid crystal in combination 
with plasmonic nanorod antenna. 
Recently a lot of effort has been focused toward studying the role of metal nanoparticles 
in controlling temperature at a localized area. This is useful for plasmonic photothermal 
therapy, where nano particles can be used to treat diseases by hypothermia [153-158]. Also, 
for plasmonic optofiuidics [159-163], where nanoparticles are used for moving fluids through 
localized heating. ·Photothermal drug delivery [164- 166] and photoacoustic imaging [167-
170] are also two areas where there has been a tremendous increase in the use of plasmonic 
nanoparticles. One research area that has benefited a lot from the properties of plasmonic 
nanoparticles is also photothermal spectroscopy and photothermal imaging. Cognet et al. 
showed how this technique has great potential for biological applications [103]. Recently, 
Cichos et al., have used metal nanoparticles to create a photothermal light modulator based 
on the interaction of plasmonic nanoparticles with a liquid crystal area [171] . The use of 
liquid crystals help increase the refractive index change as you change the temperature. We 
have investigated the role of plasmonic nanopraticles to increase the photothermal response 
for spectroscopy and microscopy applications. 
The infrared plasmonic metamaterial arrays were engineered using e-beam lithography. 
CaF2 window substrates were used due to their transparent properties in mid-infrared region 
of the electromagnetic spectrum. The windows were first cleaned with piranha solution, 
1:3 H2 0 2 : H2S04 , for 5 min and then washed with deionized water. Then they were 
rinsed with acetone and isopropyl alcohol (IPA) and dried with nitrogen gas. We used poly 
methyl methacrylate (PMMA) as our photoresist and spin coated a rv 350 nm layer on the 
CaF2 window. Electron beam lithography, which has a 5 nm resolution, is used to create 
the patterns. To develop the structures a 1:3 MIBK(Methyl isobutyl ketone):IPA solution 
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Figure 4.1: (a)Fabrication steps of plasmonic nanoantennae arrays. Arrays fabricated on 
CaF 2 substrates with a frame for easy handling. (b) SEM images and schematic represen-
tation of nanoantenna arrays and frames. The arrays are 300 1-1-m x 300 1-1-m and the frames 
are 1 mm x 1 mm. 
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Figure 4.2: (a) Schematic representation of the array and individual nanoparticle showing 
the dimensions of our structures. (b) False color SEM image of the plasmonic arrays , gold 
nanobars are orange color and CaF 2 substrate is green. L represents the length of a single 
nanobar and P represents the periodicity. The width of the nanobars is 200 nm 
is used. We later used electron beam evaporation for placing a 5 nm chromium, Cr, or 
t itanium, Ti, adhesion layer and rv 100 nm gold , Au, layer. The last step of making the 
mid-IR plasmonic structures involves the liftoff process using acetone and oxygen plasma 
etcher. Figure 4.1a shows all the fabrication steps and the structures in their final form are 
shown in figure 4.1b. A schematic representation shows the plasmonic nanobar arrays and 
a frame around the structures for ease of handling in our photothermal setup . 
Length and periodicity calculations of the structures were done in collaboration with 
professor Altug et al [151]. The nanoantenna resonance follows a linear scaling when light 
is polarized parallel to the long axis [151]. This gives an approximation of the nanoantenna 
length of A Res = L neff> where L is the length of a single nanobar and neff is the effective 
refractive index of the medium. For silicon n eff R:; 1.56 and for calcium fluoride nef 1 R:; 1.39 
(at A = 5.2 ~J.m). The calculated resonant wavelength of the nanobars are within 30 cm-1 
from the experimental data. A representation of the plasmonic nanobar arrays and the frame 
around them is shown in figure 4.2a. The schematic representation shows the dimensions of 
the array and individual nanoparticle. Figure 4.2b is a false color SEM image where L is 
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the length of the nanorod metamaterial and P is the periodicity of the nanorods with short 
axis width of 200 nm. Due to angular spread in the FTIR setup, there is a slight mismatch 
between the plasmonic mode calculated from FDTD simulations and experiments. In one of 
our recent works, we looked at the effect of the angular spread of the mid-infrared microscope 
objectives on the array performance [172]. Using FDTD simulations we were able to show 
that small variations from normal irradiation can have a significant impact on the change 
in reflectivity. This is caused by an increase in dephasing of coherent oscillations shown in 
drops of resonant peak intensities. Taking in consideration all the different parameters we 
were able to f~bricate the plasmonic metamaterials with resonant frequencies in the tunning 
range of our QCL pump beam. The reflectance spectra of bare plasmonics metamaterial 
arrays are shown in figure 4.3 . 
After fabricating the plasmonic nanorod arrays with resonant frequencies within the 
tuning range of the QCL a thin layer of 5CB liquid crystal was introduced. Liquid crystal 
was sandwiched between two with Mylar spacers varying the thickness between 1-50 11-m. 
There is no preferential orientation of the liquid crystal and the refractive index of the 
medium is generalized as an effective refractive index. A scanning electron microscope (SEM) 
image in false colors is shown in figure 4.4a. We investigated the photothermal response 
with plasmonic nanobar arrays and the results are shown in figure 4.4b. The black line 
shows the photothermal response of a 2 11-m thick liquid crystal without plasmonic arrays. 
This is the response of the Si photodetector of the Ti:sapphire probe as we tune the QCL 
pump beam across the combinational vibrational band at 1912 cm- 1 . We measured the 
photothermal response of the 2 !1-ill thick liquid crystal and the plasmonic structure with 
the QCL E-field parallel and perpendicular to the long axis of the nanobars. When the 
E-field is parallel to the long axis we get the plasmonic response from the nanobars and a 
dramatic photothermal signal increase as shown in figure 4.4b in red. We also observe an 
increase in the photothermal response when the E-field is perpendicular even though there 
is no plasmonic resonance observed. This is due to some absorption coming from the gold 
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Figure 4.3: Schematic representation of three plasmonic arrays and measured reflectance 
spectra. Length, L, and periodicity, P, where determined for resonant ~equencies within the 
desired range. 
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Figure 4.4: (a) SEM image in false color of t he plasmonic nanoparticle array. Gold nanobars 
are shown in orange and t he CaF 2 substrate is shown in blue. (b) Photothermal spectroscopy 
of 2 J.l.m liquid crystal (black) , liquid crystal and plasmonic structures with E-field parallel 
to the long axis (red) and perpendicular to long axis (green). 
nanoparticles. The increase in photot hermal signal is due to the localization of the E-field 
from the QCL where there is more heat absorbed in that region. 
We have modified our experimental setup to take both the photothermal spectrum and 
photothermal images. Using a step-scan method we were able to get hyperspectral images 
of the plasmonic structures with liquid crystal. Each pixel of the image corresponds to a 
photothermal spectrum. The results with QCL set at 1912 cm-1 are shown in figure 4.5 . 
The image is formed by t he response of the Si-photodetector as we move the sample using 
an X-Y stepper motor. We observe a significant increase of the photothermal signal at the 
plasmonic array as compared to t he areas where there is only liquid crystal. The different 
responses on the liquid crystal region without the array is due to the uneven amount of t he 
liquid crystal and to possible orientation of t he liquid crystal. Also, we can see t he area 
where no photothermal signal is observed due to the gold frame around t he plasmonic array. 
Here we have shown the ability t o enhance photothermal response in the mid-infrared 
using plasmonic nanoparticles. We were able to fabricate nanostructures using e-beam lit hog-
raphy with plasmonic resonances in the mid-infrared region of interest and show a significant 
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Figure 4.5: Photothermal hyperspectral imaging on a 5CB liquid crystal sample wit h plas-
monic nanostructures showing an enhancement around the plasmonic array. 
enhancement in t he photot hermal signal as the QCL E-field was parallel to the long axis of 
t he nanorods. This method can be used to enhance t he photot hermal signal not only from 
t he liquid crystal sample but any biochemical sample by targeting the specific vibrational 
band . Utilizing the localized heat will lead t o many applications in t he mid-infrared pho-
t othermal spectroscopy and microscopy t hat may improve medical imaging wit hout the use 
of fluorescent t ags. 
4.3 Vibrational Band Enhancement, Suppression and Elimination 
Using Plasmonic Metamaterials 
This section presents an innovative method for mid-infrared electromagnetic induced trans-
parency behavior by utilizing the interaction between plasmonic met amaterial's resonance 
and t he vibrational resonance of a liquid crystal sample. Using our exp ert ise in fabricat-
ing plasmonic nanobar antennas and our extensive work in studying vibrational bands of 
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a molecule, we are able t o show an enhancement , suppression and total elimination of a 
t arget ed charact eristic vibrational band of the molecule of study. Results from FTIR studies 
show that it is possible to fabricate plasmonic metamat erials that can can creat e the effect of 
a medium t ransparent over a narrow spectral range. The work presented here has profound 
implications for future studies of manupulating specific vibrational bands of biomolecules. 
Electromagnetic induced transparency (EIT) is a t echnique that can be used for eliminat-
ing the effect of the medium over a narrow spectral range by a propagating electromagnetic 
beam [173]. This method may be used for new optoelectrinic devices as it can make certain 
mat erial t ransparent from an incoming laser beam. They possess a "slow light" behavior 
where the group velocity gets slowed down and it was experimentally shown successfully by 
Hau et al. in 1999 [17 4]. Recently there has been an increasing effort to include the rich 
field of plasmonics in the EIT behavior. Zhang et al. have looked at ways t o engineer a 
plasmonic molecule that posses electromagnetic induced transparency like b ehavior [175] . 
They proposed a coupling between radiative and dark modes plasmonics to mimic the EIT 
system. Different plasmonic metamaterial structures have been proposed to take advan-
t age of the dark field bright field coupling for producing EIT like behavior [176- 180]. Last 
year our group in collaboration with professor Altug et al. , looked at engineering plasmonic 
structures for absorpt ion enhanced and electromagnetic induced transparency behavior [181]. 
They described the behavior with a simple driven harmonic oscillator and demonstrated the 
importance effects coupling between a plasmonic absorber and an absorbing film. In t his 
work we are looking at t he interaction between engineered plasmonic metamat erial arrays 
and the absoprtion band of a 5CB liquid crystal. We observe that it is possible to en-
hance, suppress and even eliminat e a specific vibrational band, which can lead t o potential 
application in biology and material science. 
The transmittance spectrum of a 50 j.lm thick 4-cyano-4-pentylbiphenyl (5CB) liquid 
cryst al sample is shown in figure 4.6a. The lower spectrum shows t he full range with the 
characteristic bands of t he liquid cryst al such as the CN stretch mode at 2227 cm-1 , the CH 
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Figure 4.6: (a)Transmittance spectrum of a 50 ~m thick 4-cyano-4-pentylbiphenyl (5CB) liq-
uid crystal. The zoomed spectrum shows the transmittance of the weak combinational band 
at 1912 cm- 1 . (b) A schematic representation of the 5CB molecule formed by Gauss View 5 
software. The liquid crystal is sandwiched between two CaF2 windows varying the thickness 
through a Mylar spacer. 
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bending modes around 1500 cm-1 and the CH stretch modes around 3000 cm- 1 . The upper 
spectrum shows the combinational band at 1912 cm-1 , which lies in the tunability range of 
our QCL pump laser . We are targeting specifically this band to show the EIT behavior in 
the FTIR studies as well as in the photothermal studies. It has a 13 % tranmittance and the 
nature of the combinational band is shown in the previous chapters. The sample preparation 
is shown in figure 4.6b. A schematic representation of the liquid crystal molecule is shown 
in the top part of the figure . The final optimized configuration calculated from Ga~ssian09 
software and shown by Gauss View 5 software displays the form of the 5CB molecule with the 
two benzene rings and nitrogen atom attached in one end. The liquid crystal is sandwiched 
between two 1 mm thick CaF 2 windows and thickness is controlled by a custom made Mylar 
spacer of 50 ~-tm thickness. The 5CB liquid crystal covers the plasmonic metamaterial arrays 
that are only 100 nm thick. 
To create the plasmonic metamaterial arrays we used our group's expertise in e-beam 
lithography. The fabrication steps are shown in figre 4.7a. After cleaning the CaF2 windows 
either with a piranha clean , which is a mixture is 3:1 concentrated sulfuric acid (H2S04 ) 
to 30% hydrogen peroxide solution (H2 0 2 ) , or by just cleaning with acetone and isopropyl 
alcohol if the samples were new. Then a thin layer of Poly methyl methacrylate (PMMA) was 
spun at max 3000 rpms for 45 sec, which forms a "' 350 nm thick layer. After the photoresist 
is deposited, we usee-beam lithography to create the desired patterns by introducing changes 
on the photoresist's properties enabling selective removal of the exposed areas. This process 
allow us to develop the sample, hence removing the exposed resist. We then use e-beam 
evaporation system to deposit a 5 nm thick layer of titanium or chromium as adhesion layers 
and the 100 nm layer of gold. The last step of the process is the liftoff process where through 
a methyl isobutyl ketone (MIBK) and isopropyl alcohol solution we are able to remove the 
areas that still contain PMMA, leaving behind the desired structures. Figure 4. 7b shows 
the scanning electron microscope (SEM) images of the array (top) and a single nanobar 
(bottom). The arrays are 300 ~-tm x 300 ~-tm and the single nanobar is 200 nm in width, 
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2. E-beam Lithography 
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4. E-Beam Evaporation 
5. Liftoff 
(a) (b) 
Figure 4. 7: (a) Fabrication steps for making the plasmonic met amat erials arrays. (b) SEM 
images of t he gold plasmonic nanoparticles on CaF2 substrate. The arrays are 300 ~m x 
300 ~m and t he dimensions of an individual particle are 200 nm widt h , 100 nm height, and 
L length, where Lis varied to achieve t he desired resonant frequency. 
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100 nm in hight and the length L was varied depending on the specific desired resonant 
frequency. 
1.0 
-L 1750P3000 
- L 1800P3000 
0.9 
- L 1850P3000 
Q) 
(.) 0.8 
c 
ro 
+J 0.7 +J 
E 
en 0.6 c 
ro 
s.... 
1- 0.5 
0.4 -- 50~tm 5CB Back 
-------· 50~m 5CB Front 
0.3~~L_~~~~~~~-L~-L~~~~~~ 
1200 1300 1400 1500 1600 1700 1800 1900 2000 21 00 
Wavenumber (cm-1) 
Figure 4.8: Transmittance spectra of three plasmonic metamaterial arrays with 50 ~m 5CB 
layer . Thick lines represent transmittance through bare structures. Thin lines are transmit-
tance spectra on the plasmonic structures with 50 ~m layer of 5CB liquid crystal through 
the back (solid lines) and through the front (dotted lines). 
We engineered plasmonic metamaterials to have resonant frequencies in the 1800 cm-1 
- 2000 cm-1 , which is the frequency range for our photothermal studies using a quantum 
cascade laser. The transmittance spectra taken with the Bruker Vertex 70v FTIR are shown 
in figure 4.8 . The response from bare structures is shown in the thick lines. By varying the 
length L of the nanorod from 1750 nm to 1800 nm and 1850 nm and keeping the periodicity 
the same at 3000 nm, we were able to tune the plasmonic frequency response in the desired 
wavenumber range. Once the liquid crystal layer was introduced on top of the plasmonic 
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structures then the plasmonic response was redshifted. The shift is contributed by the 
different dielectric medium as the resonance frequency gets redshifted when the dielectric 
function of the medium increases [182]. We took the measurements from the front and back 
side of the sample yielding similar results as shown in the figure with the solid thin line 
and the doted line. The redshift is about 350 cm-1, which instructed us to fabricate the 
nanostructure with resonant frequencies in the 2300 cm-1 so that once we introduce the 
liquid crystal we should be able to study the interaction between the plasmonic structures 
and the liquid crystal in the frequency range of the QCL. 
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Figure 4.9: (a) Schematic layout of the plasmonic arrays with a u-shaped frame around 
them for accessible measurements . L represents length of a single plasmonic nanobar and P 
represents the preriodicity. (b) Transmittance spectra on the plasmonic metamaterial arrays. 
Resonant frequancies are around 2500 em - 1 . 
After a few systematic measurements and calculation we were able to fabricate the proper 
structures that will have the resonant frequencies in the desired region of the QCL laser once 
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Figure 4. 10: (a) Transmittance spectra of the plasmonic metamaterial arrays with 50 1-lm 
layer of SCB liquid crystal. (b) Zoomed in transmittance spectra over the region of interest 
between 1800 cm-1 - 2000 cm-1 , which is the region of our QCL photothermal studies. 
the SCB liquid crystal will be introduced. A schematic layout of t he structures is shown in 
figure 4.9a. We varied the length of the nanobars and the periodicity so that the resonant 
frequencies will be around 2500 cm-1 region for bare structures. T he transmittance spectra 
is shown in figure 4.9b for five of t he structures (one of the plasmonic arrays was damaged 
during fabricat ion process) . Changing the length of the nanobar from 1250 nm to 1350 nm 
and the periodicity from 2000 nm to 2250 nm we are able to get resonant frequencies in the 
2410 cm-1 and 2550 cm-1 range . 
F igure 4.10 shows the transmittance spectra of t he plasmonic metamaterial arrays with 
a 50 1-lm thick layer of 5CB liquid crystal. We can observe the broad plasmonic responses 
with reshifted resonant frequencies in the 1900 cm-1 and the narrow transmittance response 
coming from the liquid crystal. Figure 4.10a shows the common vibrational bands of the 5CB 
liquid crystal such as the CN stretch at 2227 cm-1 and the CH bending modes around 1500 
cm-1 . Also, shown is the combinational band at 1912 cm- 1 that is sometime enhanced shown 
in pink color graph (L1350P2250), suppressed shown in blue color graph (L1250P 2250) and 
total cancellation of the SCB vibrational band shown in red color graph (L1300P2000). This 
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dramatic behavior is shown in great detail in figure 4.10b where it is clearly observed that by 
engineering plasmonic metamaterials with resonant frequencies in the vicinity of a desired 
wavenumber region , it is possible to eliminate the vibrational band of the substrate. This 
electromagnetic induced transparency nature can make the liquid crystal medium trans-
parent over that narrow vibrational range, which might be desirable for applications where 
specific vibrational bands are canceled. An explanation of this behavior will b e detailed in 
a future publication that we are currently working on . 
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Figure 4.11: Photothermal images on plasmonic arrays with 50 1-1m layer of 5CB liquid 
crystal. (a) Photothermal response on L1350P2250 array. Arrows point the frame and the 
array. (b) Photothermal image on L1300P2000 array demonstrating the elimination effect 
of the 1912 cm-1 vibrational band. (c) Photothermal image on L1250P2250 array. (d) 
Transmittance spectra of the three arrays used for photothermal imaging. 
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To confirm this EIT behavior observed with the FTIR measurements, we looked at the 
photothermal response on three of the structures. The photothermal images are shown in 
figure 4.11. Thansmittance spectra of the three arrays is shown in figure 4.1ld and we can 
observe the dramatic nature of the elimination of the combinational band at 1912 cm-1 shown 
in figure 4.1lb. There is no photothermal response from the arrays similar to the frame since 
the vibrational band of interest is eliminated. Photothermal images are formed by using an 
X-Y translational stage where each pixel correspond to a photothermal spectrum observed by 
the Ti:sapphire probe beam using a Si photodetector. To confirm that this critical response 
is due to the plasmonic structures we conducted polarization studies on the the three arrays 
as shown in figure 4.12. The schematic illustration shows the plasmonic nanobar arrays and 
the two polarization directions of study, where P-pol correspond to the polarization parallel 
to the long axis of the nanobars and S-pol perpendicular. Figures 4.12b, 4.12c and 4.12d 
demonstrate the photothermal images with P-pol while figures 4.12e, 4.12f and 4.12g are 
photothermal images in S-pol. As expected there is no EIT effect observed in the S-pol 
photothermal images since there are no plasmonic resonances. Photothermal response is the 
same as in the areas where there are no plasmonic metamaterials. Only in the P-pol we are 
able to observe the critical effect that eliminat es the nature of the 1912 cm- 1 vibrational 
band. 
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Figure 4.12: Photothermal polarization studies on plasmonic arrays (a) Schematic repre-
sentation of the gold plasmonic metamaterials and the two polarization directions : P-Pol, 
parallel to the long axis of the nanobars and S-Pol, perpendicular to t he long axis. (b)-( d) 
P-Pol photothermal images. (e)- (g) S-Pol photothermal images . All images are formed with 
QCL set at 1912 cm- 1 vibrational band and the dramatic elimination of band is illustrated 
in (d). 
Interaction between plasmonic metamaterials and a medium of interest can be useful for 
many fields as it is possible to enhance, suppress and eliminate targeted vibrational bands 
of a molecule. In this section we were able to show that by engineering the plasmonic arrays 
with specific resonant frequencies to interact in t he region of a particular vibrational band 
it is possible to extract EIT behavior. FTIR and photothermal studies were conducted on 
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several plasmonic arrays displaying the interesting feature. This t echnique could be used in 
the future for many applications by biologists who would like to study a particular vibration 
band without the interference of the abounded water vibration bands. 
4.4 Thermal Tuning of Surface Plasmon Polaritons Using Liquid 
Crystals 
A thermally controlled plasmonic substrate supporting surface plasmon polaritons in contact 
with a liquid crystal medium is presented. The platform offers a spectral tuning range '"'"' 
18.7 nm by controlling t he refractive index of the liquid crystal medium within the nematic 
phase in a temperature range of 18 C. The abrupt transition between nematic and isotropic 
phases also enables a spectral tuning as large as 12 nm with only '"'"' 1 C. 
N anoplasmonics provides a method to manipulate and control light at metal surfaces 
below the diffraction limit by surface plasmons, which are collective electron oscillations 
generated by t he coupling with an incident light at a metal-dielectric interface [183, 184]. 
Plasmonic metamaterials can be engineered for different functionalities that have led to 
demonstrations of novel concepts such as optical cloaking, superlensing, nonlinear photonics 
and optical waveguides [185-190] as well as photonic components, i.e., optical switches, fil-
ters, and lenses [191- 200]. Compared to the prediction of the classical aperture theory, orders 
of magnitude larger transmission have been demonstrat ed through subwavelength plasmonic 
nano-apertures with the excitation of surface plasmon grating orders [201]. Extremely large 
near-field enhancements have been shown through plasmonic systems with nanometer-scale 
openings [149-151 , 202]. 
Despite their widespread applications, controlling the optical responses of plasmonic sys-
tems is challenging. One method to control the plasmonic responses is to vary the geomet-
rical shape or the properties of the constituent materials. However, this method is static 
and limits the flexibility when integrating these passive plasmonic components into complex 
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systems. Therefore, there is a strong need for active plasmonic devices enabling dynamical 
tuning of the optical properties through external control mechanisms. Manipulation of the 
refractive index of the medium in t he vicinity of the plasmonic system is promising to achieve 
dynamic tuning. As surface plasmons propagate along metal surfaces (surface plasmon po-
laritons, SPP) or localize at metallic features (localized surface plasmons, LSP) , they are 
highly sensitive to the changes in t he local refractive index. Hence, dynamically modifying 
the refractive index can actively tune the spectral response of the plasmonic systems. Liq-
uid crystals are ideal candidates due to their exceptional tunable optical/electrical/thermal 
properties [203, 204]. Their broad optical anisotropy derives from the anisotropic molecular 
alignments that are extremely sensitive to the external parameters such as light [205 , 206], 
electric field [207-209] and temperature [46, 90]. The tunability of liquid crystal properties 
has led to large variety of dynamic plasmonic applications. For example, photo-switchable 
gratings produced from liquid crystals can enable tuning of plasmonic interactions by an 
external pump light [210]. Electrical tuning of plasmonic properties of a system composed 
of periodic arrays of nanoholes or nanorods incorporating a liquid crystal medium can be 
achieved via an external voltage source [135,211- 215]. Recently, a plasmonic Farro switch has 
been demonstrated using a plasmonic cluster supporting a Fano resonance, which is actively 
modulated t hrough liquid crystals in the presence of a low-voltage external source [216]. The 
use of thermally controlled liquid crystals is an alternative way to modify the plasmonic prop-
erties [217- 219]. Thermally controlled active plasmonic systems could enable much stronger 
and more efficient tuning capabilities as well as large spectral tuning ranges compared to 
photo-switchable or electrically tunable platforms [220]. Large refractive index variations 
can be achieved by precisely controlling t he temperature in different liquid crystal phases. 
However , recently demonstrated thermally controlled plasmonic platforms show only"' 1-2 
nm spectral tuning of localized surface plasmon modes [46, 90,205, 206]. 
Here, we introduce an active plasmonic platform incorporating a highly sensitive plas-
monic chip and a thermally controlled liquid crystal medium that is capable of large spectral 
87 
tuning. Our platform consists of nanohole arrays fabricated through gold films. This plas-
monic substrate enables extraordinary light transmission, which is exceptionally sensitive to 
the changes in the local refractive index as it supports highly accessible large local fields. 
Introducing a liquid cryst al medium, we show that the transmission resonance supported 
by the nanohole arrays can be thermally tuned by applying an external heat source. Our 
platform is capable of high contrast change in the effective refractive index of the medium in 
the vicinity of the plasmonic arrays . Varying the t emperature within t he nematic phase from 
15 to 33 C, we demonstrate a refractive index change as large as ,....., 0.0317. Consequently, 
our platform enables a tuning of plasmonic wavelength as large as ,....., 19 nm. The ability 
to control the order of liquid crystal molecules from nematic to isotropic phase provides an 
efficient way of spectral t uning. At the phase transition temperature, more than 12 nm shift 
is achieved via changing the temperature by only ,....., 1 C corresponding to a refractive index 
change of rv 0.02. 
... ............ .. , ..... .... .,.,......_ 
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l~mpol!riilure tuning 
Figure 4.13: Schematic view of the experimental setup containing a liquid crystal (LC) cell 
thermally controlled by a heat bath, white light incident source collected by an objective 
lens and a spectrometer collecting the plasmonic response for different temperature values . 
Zoomed schematic of the liquid crystal cell between the upper CaF 2 window and the plas-
monic chip. 
The experimental setup is shown in figure 4.13. Here, the plasmonic chip interfacing 
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with a liquid crystal medium is inserted between two calcium fluoride (CaF2) windows. The 
temperature is controlled via a heat bath that circulates water through a homemade sample 
cell and measured using a thermocouple. In order to create the liquid crystal cell , a 50 IJ.m 
thick Maylar spacer is used between the plasmonic chip and the upper CaF2 window as shown 
in the zoomed image. Optical characterization is done through spectroscopy measurement 
by using an unpolarized white light source. 1l·ansmitted light from the plasmonic chip is 
collected by a high-magnification objective lens (Nikon Objectives with 100 x magnification 
and NA: 0.6 embedded in Nikon Eclipse-Ti microscope) coupled into an optical fiber and 
then recorded using a spectrometer (SpectraPro 500i with 1 nm spectral resolution). 
Our active tuning platform is based on the extraordinary light transmission phenomenon 
via nanohole arrays fabricated through a metal film. The extraordinary transmission reso-
nances exist at specific wavelengths where the grating coupling conditions are met. At these 
grating wavelengths, the normally incident light is coupled to surface plasmons [149, 152]. 
These transmission resonances highly depend on the refractive index of the surrounding 
medium. In our platform, we use plasmonic nanohole arrays with a diameter of 200 nm and 
an array period of 600 nm. 
N anoholes through 125 nm thick gold film are manufactured via a fabrication process 
based on deep ultraviolet lithography shown in figure 4.14. For realization of the nanometer-
scale aperture arrays through thin metal films, we introduce a low-cost and wafer-scale fab-
rication technique based on deep ultraviolet lithography. N anoholes through thin metal film 
are manufactured via a fabrication process based on deep ultraviolet lithography. Compare 
to current electron beam lithography technique where each array is fabricated sequentially, 
this method is highly advantageous for fabrication of nanoapertures at wafer scale in a low 
cost and time effective way by enabling parallel fabrication of nanoapertures. As shown in 
figure 4.14a-left, from a 4-inch wafer we can fabricate more than 50 plasmonic chips. Each 
chip has a dimension of 1 em x 1 em and contains 8 square membranes. These membranes 
have a size of 100 IJ.m x 100 IJ.m and contain approximately 28,000 nanoholes. Figure 4.14a-
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Figure 4.14: (a) (a) Left : Picture of the 4-inch wafer containing 52 chips fabricated after 
deep ultraviolet lithography and dry etching steps, middle: picture of a chip containing 8 free 
standing silicon nitride membranes fabricated after wet etching step, right: optical micro-
scope image of a 100 1-1m x 100 1-1m plasmonic membrane fabricated after metal deposition 
step. Figure inset shows scanning electron microscope image of the nanohole arrays . The 
corresponding device parameters are: hole diameter = 200 nm, array periodicity = 600 nm, 
gold thickness = 125 nm, t itanium (adhesion layer) thickness = 5 nm and silicon nitride 
thickness = 100 nm. (b) Schematic view of the low-cost wafer scale fabrication process for 
manufacturing the nanohole arrays based on deep ultraviolet (UV) lithography. 
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right shows the optical microscope image of a square membrane and (in the figure inset) the 
scanning electron microscope image of the plasmonic nanoholes. The steps of the deep ul-
traviolet lithography based fabrication method are schematically shown in figure 4.14b. We 
start the fabrication process with a silicon wafer of thickness 500 !-liD coated with 100 nm low 
pressure chemically deposited silicon nitride films on both sides. (i) In order to pattern the 
nanohole arrays, we perform deep ultraviolet lithography using ASML S500/300 DUV Step-
per. The resolution of the steeper is 150 nm. (ii) Following the development, the nanohole 
patterns are etched through the silicon nitride layer via dry etching using Plasma Therm 
790 RIE/PECVD System (reactive ion etching with SF6 and Ar) while the photoresist is 
used as a mask. Later, the remaining residues on the silicon nitride surface are removed 
by oxygen plasma cleaning. (iii) The aperture patterns with size of 750 !-liD x 750 1-1m on 
the bottom silicon nitride layer are achieved through photolithography performed on 2 !-liD 
thick MICROPOSIT™ S1818™ positive photoresist using SUSS MicroTec MA/BA6 Mask 
Aligner followed by development. Later, dry etching is performed to completely remove the 
silicon nitride layers within the transferred patterns on the back side of the wafer. The chips 
are then immersed in KOH solution for wet etching to realize free standing silicon nitride 
membranes .(iv) Finally, we deposit 5 nm thick Ti layer (adhesion layer) and 125 nm thick 
Au layer resulting in plasmonic nanohole array in a lift-off free manner [148, 149, 152, 221]. 
Figure 4.14a-right shows that fabricated nanoapertures are well defined and uniform. 
Inset in figure 4.15 shows the scanning electron microscope image of the fabricated 
nanoholes which are well defined and uniform. Compare to current electron beam lithography 
technique where each array is fabricated sequentially, this method is highly advantageous for 
fabrication of nanoapertures at wafer scale in a low cost and time effective way by enabling 
parallel fabrication of nanoapertures in a lift-off free manner [148, 149, 152, 221, 222]. 
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Figure 4.15: Experimental far-field response of the nanohole array under an unpolarized light 
source . Figure inset shows the scanning electron microscope image of t he fabricated nanohole 
array through gold film by deep-ultraviolet lithography. Calculated near-field response of 
the nanohole array at the top surface (air-gold interface) and through cross-section. For gold 
nano-apertures, hole diameter = 200 nm and period of the array = 600 nm. 
F igure 4.15 shows the experimental far-field response of the nanohole array under nor-
mally incident unpolarized light source. Strong transmission resonance located at 652 nm 
is the mode which will be thermally controlled in the following section. This mode is due 
to the surface plasmon excitation corresponding to (-1,0) grating order of the square lattice. 
The optical response of this mode is analyzed in detail by Yanik et al [149]. The mode has 
a dipolar character where the light couples to localized surface plasmons resulting in strong 
light transmission and large local electromagnetic fields in the vicinity of the nanohole ar-
ray. Under an unpolarized light source, highly enhanced near-fields strongly localize around 
the rims of the nanoholes as shown by the electric field intensity distribution, figure 4.15 , 
calculated at the top surface of the metal. The cross-sectional profile also indicates that 
local fields extensively extend into the surrounding medium. By providing these accessible 
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and large local fields , the nanoaperture system is highly sensitive to the changes in the local 
refractive index. Therefore, our plasmonic substrate is highly advantageous for spectral tun-
ing applications via modification of the surrounding medium. In the following section, we 
describe the use of a liquid crystal medium for thermally varying the local refractive index 
around the plasmonic chip to spectrally tune this dipolar transmission resonance. 
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Figure 4.16: Theoretical model of 5CB molecular structure. Differential Scanning Calorime-
try (DSC) of 5CB. Near-IR spectrum of 50 j.lm thick 5CB. 
Thermal modulation of the effective refractive index of the medium in the vicinity of the 
plasmonic chip is achieved by using 4-cyano-4.::pentylbiphenyl (5CB) liquid crystal as shown 
in figure 4.16. UV-vis-NIR spectrum of a 50 !J-m thick 5CB liquid crystal sample shows no 
absorbance peaks in our wavelength range that might interfere with the plasmonic mode. 
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Figure 4.16 shows the geometrical molecular structure of 5CB liquid crystal optimized using 
quantum mechanical calculations on Gaussian09 software and a rendering of the approxi-
mately oval shaped molecule. The model is constructed using Gauss View software and is 
shown in its ground state. To characterize the 5CB liquid crystal medium, we carry out 
differential scanning calorimetry (DSC) measurements demonstrating the thermodynamic 
properties and phase transitions. Heat flow as a function of temperature is shown in figure 
4.16 displaying the endothermic transition (at the sharp drop) from nematic to isotropic 
phase transition at 37.5 C. In the nematic phase, the molecular orientation leads to strong 
anisotropy where there is a high contrast between extraordinary, ne, and ordinary, n0 , refrac-
tive indices. As schematically shown, in the nematic phase, liquid crystal molecules have no 
positional order but tend to point in t he same direction displaying a directional orientation. 
On the other hand, for the isotropic phase, these indices converge and the molecular align-
ment is small. In order to confirm that there are no absorbance peaks in the near IR region 
of 900 nm- 1200 nm, which is our working wavelength range, we take the UV-Vis-Near IR 
spectrum of a 50 !-LID thick 5CB liquid crystal sample. Figure 4.16 shows the absorbance 
measurement of 5CB with no absorbance peaks in our wavelength range (highlighted in red 
box) that might interfere with the plasmonic responses. Furthermore, the presence of pos-
sible molecular order and large domain formation has been tested by viewing the sample in 
a crossed polarizer. Here, the liquid crystal sample is placed between two crossed polarizers 
(with transmission orientations perpendicular to each other). The incoming light (coming 
from the first polarizer) passes through the liquid crystal. If the sample has no particu-
lar molecular order , as there is not any polarization modulation in the incoming light, no 
light transmission occurs after the second polarizer. Independently, polarized mid-infrared 
spectroscopy of the C-N stretching band, with a transition dipole known to be aligned with 
the molecular axis, was used to check for large domain formation in the nematic phase [46] . 
Here, we studied the optical properties of LCs at several thicknesses, ranging from 2 !-LID to 
about 100 !-LID using VIS-NIR and mid-infrared spectroscopy. Viewed in a crossed polarizer, 
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we do not observe large-scale orientation or the formation of single domains at the nematic 
- isotropic transition. 
Molecular dynamic simulations on 5CB liquid crystal were performed by Gaussian09 
software. We solved Schrodinger's equation using the density functional theory with B3LYP 
hybrid method (DFT IB3LYP), which approximates the molecular properties as a function 
of the molecular electron density. The final geometrical molecular structure is shown by the 
Gauss View graphical interface. 
We used the Mettler Toledo polymer DSC R differential scanning calorimeter to observe 
thermal properties of the 5CB liquid crystal sample. We measured the heat flow as a function 
of temperature from room temperature (20 C) to 50 C at 10 C I min. The endotherm at 
35.7 C shows the phase transition from nematic to isotropic phases. 
Absorbance measurements were performed by Varian Cary 5000 Spectrophotometer. We 
scanned the wavelength range from 200 nm - 3000 nm with the scan rate of 600 nm I min 
and data intervals of 1 nm. We only show the near-IR spectra of 900 nm- 3000 run, which 
is the spectral range of our thermal tuning plasmonic measurement. 
Figure 4.17a and 4.17b show the variation in the transmission resonance and the spectral 
position of it for different temperatures, respectively. In the presence of the liquid crystal that 
increases the refractive index around the bare aperture, the plasmonic mode red-shifts from ,....., 
651 nm to,....., 1027 nm at 15 C. The transmission resonance supported by the nanohole arrays 
can be spectrally tuned over rv 18 nm (from rv 1027.1 ± 1 nm to rv 1008.4 ± 1 nm) between 
15 C and 33 C where the liquid crystal shows nematic (N) ·molecular order. Toward the 
transition temperature T c, the average refractive index of 5CB gradually decreases [223,224] 
that results in consecutive blue-shifts in the plasmonic mode. As shown in figure 4.17b for this 
temperature range, the resonance wavelength has a quadratic relationship with temperature 
denoted by a red curve. Around the temperature T c where the transition occurs from the 
nematic phase to isotropic phase (I), we observe a sharp shift in the transmission resonance 
with only 1 C change, from ,....., 1008 nm to ,....., 996 nm, relating to the rapid decrease of the 
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Figure 4.17: (a) Experimental transmission response of the nanohole array for different 
t emperatures from 15 C to 51 C. (b) Spectral position of the transmission resonance for 
different temperatures . In the figure, the red curve denotes the resonance points below 
the transition temperature Tc (showing the quadratic behavior) and the blue curve denotes 
the points above Tc (showing the linear behavior). The green dashed line represents the 
transition between nematic (N) and isotropic (I) phases. 
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average refractive index of 5CB. Above temperature Tc, refractive index of 5CB shows minor 
variations and the transmission resonance slowly blue-shifts with temperature. For this 
range, the transmission resonance shows a linear dependence on the temperature as denoted 
by a blue curve in Figure 4.17b. We also successfully demonstrate the reproducibility of our 
thermal tuning capability via three independent experiments in. 
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Figure 4.18: Spectral position of the transmission resonance with respect to temperature for 
three different plasmonic samples . 
The resonance wavelength strongly depends on the refractive index of the liquid crystal 
medium covering the plasmonic substrate . In order to show how strongly we can tune the 
effective refractive index with temperature, we represent the liquid crystal medium as a 
bulk dielectric. We determine the effective refractive index of the liquid crystal medium, 
neJJ(LC) from the relationship between the spectral position of the plasmonic mode (:\) 
and the refractive index of the homogeneous dielectric medium, nbulk, schematically shown 
in figure 4.16, by measuring the optical response of the nanohole array in different bulk 
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solutions. Figure 4.19 shows the spectral response of the nanohole array at room temperature 
(T = 20 C) in different refractive indices including deionized (DI) water (n = 1.3325), 
acetone (n = 1.3591), ethanol (n = 1.3616), isopropyl alcohol (n = 1.3776) and glycerol (n = 
1.4 722). Obtaining the spectral position of the transmission resonance, we determine a linear 
relationship between the resonance wavelength of the plasmonic mode and the refractive 
index of the bulk solution, A = 589.62 nbulk + 62.005, figure 4.7). Using this spectral 
relationship, we calculate the effective refractive indices of the liquid crystal, neJJ(LC) at the 
corresponding resonance wavelength, A for different temperatures. Varying the temperature 
from 15 C to 33 C, we achieve a dynamic range of,....., 0.0317 from neJJ(LC at 15 C) = 1.6368 
± 0.00169 to neff (LC at 33 C) = 1.6051 ± 0.00169. Figure 4.19) shows that the calculated 
effective refractive index of the medium in the vicinity of the plasmonic nanoapertures follows 
the trend of the average refractive index of 5CB [223, 224]. This is due to the fact that we 
utilize a bulk liquid crystal substrate in our tuning platform which causes the refractive index 
of the medium to be the average of ordinary and extraordinary refractive indices of 5CB. 
Between 15 C and 33 C, the effective (or average) refractive index decreases quadratically 
with the temperature. At the phase transition of the liquid crystal molecules between the 
nematic to the isotropic phase, the sharp variation in the refractive index of 5CB enables 
the tuning of the refractive index by,....., 0.02 with a temperature change of only 1 C. Above 
the nematic-isotropic transition temperature Tc, the refractive index changes slightly. 
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Figure 4. 19: (a) Schematic view of the plasmonic system embedded in a liquid crystal medium 
having an average refractive index, neff (LC) represented by a bulk homogeneous dielec-
t ric medium with a refractive index, n bulk · (b) Experimental t ransmission response of t he 
nanohole array for different refractive indices of bulk solutions, DI water (n = 1.3325), ace-
t one (n = 1.3591), ethanol (n = 1.3616), isopropyl alcohol (IPA) (n = 1.3776) and glycerol 
(n = 1.4722). (c) Linear relationship between the resonance wavelength of the plasmonic 
mode, A, and t he refractive index of the bulle solutions, nbulk· (d) Effective refractive index 
of t he liquid crystal medium in the near-field of the nanohole array calculat ed from t he 
linear relationship . Here, the red curve denot es the refractive indices below the transition 
t emperature, Tc (showing the quadratic behavior) and t he blue curve denotes t he refractive 
indices above Tc (showing the linear behavior). 
The presented platform provides a convenient way to tune t he plasmonic properties in a 
large dynamic range as well as dramatic thermal responses via controlling the phases of t he 
liquid crystal molecules. Such platform holds great promises for controlling surface plasmons 
t hermally and the t unability of the liquid crystal molecules can be further improved t o have 
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much larger spectral shifts in the plasmonic modes. Figure 4.20 shows the refractive indices at 
room temperature for the liquid crystal used in our study, 5CB measured at 633 nm by Li et 
al [223]. Here, the red and blue dots show the extraordinary (ne) and ordinary (no) refractive 
indices below the transition temperature, respectively. Above the transition temperature, 
these indices converge (no ~ ne) as denoted by the green dots. As seen in the figure 4.20, 
5CB has a high contrast between extraordinary and ordinary refractive indices, e.g. , as large 
as 0.19 at room temperature. These effective indices depend on the orientation of the liquid 
crystal directors with respect to the polarization direction of the illumination light. A system 
that controls this orientation would result in a much larger index contrast, thus promising 
larger spectral tuning. In figure 4.20, black squares demonstrate the calculated refractive 
index of the bulk 5CB using our refractive index/resonance wavelength relationship that we 
obtain from Figure 4.19. 
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5CB below the transition temperature. The refractive index, n0 ~ ne (green dots) above t he 
transition temperature. Black squares denote the average refractive index of 5CB calculated 
from the experimentally obtained resonance wavelength/refractive index relation. 
In our plasmonic substrate, we utilize a bulk liquid crystal. Therefore, the orientation 
of the directors is in between extraordinary and ordinary axes resulting in an average re-
fractive index between n0 and ne. This average bulk refractive index does not vary with 
the polarization direction of the incident source as verified in figure 4.21. The absence of 
the molecular order limits the spectral tunability, i. e., the refractive index changes in the 
nematic phase and at the phase transition are ,....., 0.0317 and "' 0.02, resulting in ,....., 18.7 nm 
and ,....., 12 nm shifts , respectively. The ability to control the liquid crystal director would re-
sult in a higher spectral tunability. For example, by ordering liquid crystal molecules along 
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Figure 4.21: Experimental transmission response of the nanohole arrays under normally 
incident unpolarized, x-polarized and y-polarized light sources. 
the extraordinary axis with ne = 1.7562 at 15 C followed by increasing the temperature 
to reach isotropic phase with no = 1.5929, as large as "' 96.3 nm spectral tuning can be 
achieved. Furthermore, as demonstrated by figure 4.20, the slope of the index/ temperature 
curve is sharper for individual ordinary (blue) and extraordinary (red) indices compared 
to the response of the bulk liquid crystal refractive index (black). Our work suggests that 
improved spectral tunability can be attained by appropriate surface treatment to control the 
molecular directors near the plasmonic device. Combining electro-optic methods with the 
thermal tuning by the application of directed electric fields would result in further control 
over spectral properties [135, 209, 225]. 
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In conclusion , we demonstrate a dynamically tunable plasmonic platform that enables 
spectrally large tuning capabilities . Our platform utilizes a thermally controlled liquid crystal 
medium and a plasmonic substrate composed of nanohole arrays . The system supports high 
sensitivities t o surface conditions due t o the large local electromagnetic fields at t he plasmonic 
resonance. It enables a spectral tuning of resonance wavelength as large as rv 18.7 nm in a 
t emperat ure range of 18 C (through nematic phase) by overlapping these local fields wit h 
thermally cont rolled liquid crystal. Employing our active plasmonic system , we show t he 
refractive index of t he medium in t he vicinity of the plasmonic substrate can be changed as 
large as rv 0.0317. The ability to thermally control the liquid crystal phases from nematic 
t o isotropic where the strongest variations occur in the molecular orientation enables us t o 
tune the sp ectral position of t he plasmonic mode more than 12 nm in rv 1 C t emperature 
range. 
Chapter 5 
Photothermal Spectroscopy Using Erbium 
Doped Fiber Laser 
5.1 Introduction to Erbium Doped Fiber Lasers 
In fiber lasers the gain is provided by an active optical fib er that is doped with rare earth 
elements such as erbium, ytterbium, neodymium, thulium, etc. Since its invention in 1964 
by Snitzer et al [226], the fiber laser industry has grown significantly as one of the most 
influential leading technologies. In the last couple of decades they have evolved from an 
academic research setting to a huge commercial business in telecommunications industry. 
The first fiber laser were construed with neodymium [226] and recently the most well-known 
type is t he erbium doped fiber laser with cent er wavelength around 1550 nm. There are 
many advantages in using fib er laser over other type of lasers. They have high output power, 
high optical quality, compact, robust reliable and inexpensive. All these benefits make 
the fiber laser an ideal candidate to be used in many fields such as telecommunications, 
medicine, material processing, spectroscopy and microscopy [227]. Given the great exp ertise 
by professor Michelle Sander, we are using an erbium doped fiber laser as t he probe laser in 
the pump-probe heterodyne hyperspectral imaging method. 
The setup of an erbium doped fiber laser (EDFL) is shown in figure 5.1. A pump diode 
laser with a wavelength of 976 nm is used to excite the erbium ions (Er3+) to an excited 
state where they can amplify light around 1550 nm wavelength via stimulated emission [228]. 
The laser cavity consists of a silver mirror , a single mode erbium Er fiber and an output 
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coupler. A wavelength division multiplexer (WDM) is used to combine pump and laser signal 
wavelengths and it is connected with the output fib er transmitting the desired wavelength 
in the 1.5 J.lm region. This t echnique enables bidirectional optical connection with minimal 
crosstalk introduced by nonlinearities in the fiber. The configuration shown in figure 5. 1 is 
for a cw mode fib er laser. A pulsed mode fib er laser has a similar configuration but instead 
of a mirror in the laser cavity a saturable Bragg reflector is used [229]. Sander et al. have 
shown a soliton fib er lasers that generates 187 fs pulses at repetition rate of about 1 GHz. 
These are compact, robust and stable lasers making them a perfect candidate as a probe for 
photothermal imaging. 
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Figure 5.1: Schematic setup of a cw erbium doped fib er laser (EDFL). The pump laser is 
976 nm laser diode. 
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5.2 Probe Beam Comparison 
Durability, compactness, st ability and high power make the erbium doped fiber laser (EDFL) 
the perfect candidate as a probe for our photothermal studies. We compared the photother-
mal signal on the same liquid cryst al sample with the Ti:sapphire probe and EDFL probe 
and the results are shown in figure 5.2. We observe that the photothermal signal from t he 
EDFL has a signal-to-noise ratio (SNR) of about 600 while the Ti:sapphire is only about 15. 
The SNR is calcualted as: 
SNR = Smax 
Navg 
(5.1 ) 
where Smax is the maximum photothermal signal and Navg is the average noise. Despite 
the fact that we are t argeting two different vibrational bands it is still apparent that the 
photothermal signal from using EDFL is favorable. 
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Figure 5.2: Phot othermal response on 8CB liquid cryst al with the Ti:sapphire probe and 
t he erbium doped fiber laser 
Photot hermal mid-infrared hyperspectral vibrational microscopy is conducted on a mod-
ified commercial inverted microscope as shown in figure 5.3. Phot othermal response is char-
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acterized on a 6 !-LID thick 8CB liquid crystal sample sandwiched between two CaF 2 windows. 
We used a Nikon Eclipse Ti-U inverted microscope that has 4 ports. Two on the side and 
two in the back of the microscope. We used one of the side ports to attach a Nikon DS-Vi1 
camera with 1600 x 1200 pixel array for visible imaging along with photothermal images . 
Our pump beam is an external cavity quantum cascade laser (Daylight Solutions Inc.) with 
that can be tuned between 1580 cm-1 - 1740 cm-1 with peak power of rv 250 mW. We used 
different EDFL that can be operated in cw mode or in pulsed mode with repetition rates up 
to 1 GHz. The pump and the probe laser are collinear aligned using a gold coated dichroic 
beamsplitter and enter the Nikon microscope through one of the back ports. We are using a 
ZnSe focusing objective (NA = 0.25) to focus the beams on the sample and an antirefiective 
coated collector lens and a few gold mirrors to direct the probe beam to the InGaAs detector 
(Electro-Optics Technology, Inc.). 
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Figure 5.3: Photothermal hyperspectral microscopy setup. Pump laser is the 6 !J.m quantum 
cascade laser. Probe laser is the erbium doped fiber laser (EDFL) at 1.55 !J.m wavelength. 
Both beams are combined in the Nikon Eclipse Ti-U inverted microscope and the photother-
mal signal is detected using an InGaAs detector. 
To conduct some of the initial studies in the new photothermal experimental setup using 
the erbium doped fiber laser we analyzed the spectrum of the 8CB molecule. This is a 
molecule that we have studied substantially shown in the previous chapters. We prepared a 
6 !J.m thick 8CB liquid crystal (Sigma-Aldrich Co. LLC.) sample by varying the thickness 
through Maylar spacers. No preferred orientation of the molecular director was given to the 
liquid crystal. The sample was sandwiched between two 1 mm thick CaF 2 windows. FTIR 
(Thermo Nicolet NEXUS 470) results are shown in figure 5.4 highlighting the scissoring band 
at 1607 cm-1 , which we will use in our photothermal measurements. 
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Figure 5.4: FTIR spectrum of a 6 f-Lm thick 8CB liquid crystal sample. The scissoring 
vibrational band at 1607 cm- 1 is highlighted and the inset is the full FTIR spectrum. 
We characterized the nature of the vibrational band at 1607 cm-1 by using the Gaussian09 
software that calculates the electronic structure of the molecule. This software let 's us predict 
energies, molecular structures , molecular properties of the material and most importantly 
the vibrational frequencies. The results from the vibrational band calculations are shown in 
figure 5.5. We used the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) hybrid method with 
6-31G basis set that gives approximations to te density functional theory (DFT) modeling 
method. Despite some limitations to this method [230], it is still the most widely used hybrid 
method DFT approximation to calculate the vibrational bands as it has low computational 
cost and works well for simple molecules such the 8CB liquid crystaL 
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Figure 5.5: Vibrational band simulation of a 8CB liquid crystal molecule. Inset is a schematic 
representation of the 8CB molecule in its optimized state . Red arrows demonstrate the CH 
scissoring vibrational band in the 1607 cm- 1 . 
We characterized the photothermal response of the 8CB liquid crystal and compared it 
wit h the FTIR spectrum. Results are shown in figure 5.6a where there is a precise agree-
ment between the FTIR spectrum and the photothermal spectrum (PTS) . We concentrated 
specifically in studying the vibrational band at 1607 cm- 1 , which is a CH scissoring band. 
We also investigated the role of the probe beam on the photothermal signal. As expected 
there is a linear relationship between t he photothermal signal and the EDFL probe current , 
figure 5.6b. 
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Figure 5.6: (a) FTIR and photothermal spectra of a 6 ~ thick SCB liquid crystal sample 
plotted with the same x-axis. Agreement of the two spectra is highlighted at the 1607 cm- 1 
vibraional band.(b) Photothermal response as a function of the erbium doped fiber laser 
(EDFL) probe. Linear relationship is shown. 
Figure 5.7 compares the photothermal signal as a function of the probe laser mode. We 
looked at the evolution of the spectrum as we increase the quantum cascade laser (QCL) 
pump current from 400 rnA to 1000 rnA. QCL current is linearly propotional to the QCL 
current as shown in chapter 3. The spectra were collected at room temperature in a purged 
environment. We observe no significant difference between the pulsed mode EDFL and the 
cw mode. In our following studies we have been mostly concentrating on using the cw 
mode laser since it has more power. Figure 5.7a and 5.7b show the characteristic bifurcation 
behavior. At low QCL current the photothermal signal follows a linear behavior showing the 
single peak at 1607 cm- 1 as seen in t he FTIR absorption measurement . Also, we observe a 
chaotic response at high QCL current that will be studied in detail in t he future. A surface 
plot of the photothermal spectra in the cw or pulsed mode erbium doped fiber laser is shown 
in figure 5.8. The plots emphasize the bifurcation of the 1607 cm- 1 peak and show the 
chaotic behavior in the high QCL currents. 
C W Mode 
I 
.lr lr--; f"\ /'1\. tL---' Al\r. 
"" ~ 
\'---' 
'---
I I I I 
1720 1680 1640 1600 
Wavenumber (em .1 ) 
(a) 
[=:::J 400mA 
[=:::J 450mA 
(=:::J SOOmA 
[=:::J SSOmA 
[=:::J 600mA 
[=:::J 650mA 
[=:::J 700 m A 
[=:::J 750mA 
(=:::J SCOmA 
[=:::J 850mA 
[=:::J 900mA 
[=:::J 950mA 
[=:::J 1000mA 
111 
Pulsed Mod e [=:::J 400m A 
[=:::J 450mA 
c:::::J 5 00 m A 
~ [=::J SSOmA [=::J 600mA 
''.I ll I'-- [=:::J 650mA 
_/lii!V\, ~ [=:::J 700m A All ,...__ c:::::J 750m A 
,____ 
c:::::J SO Om A 
'--- [=::J 8 50mA 
[=:::J 900m A 
'---- [=:::J 950mA 
c:::::J 1000 mA 
I I I I 
1720 1680 1640 1600 
Waven umber (em .1) 
(b) 
Figure 5.7: Photothermal spectra of 611-m thick 8CB liquid crystal as a function of QCL 
pump beam current. (a) P hotothermal spectra with erbium doped fib er laser (EDFL) in 
cw mode. (b) Phot othermal spectra with erbium doped fiber laser (EDFL) in pulsed mode. 
QCL pump beam current was varied between 400- 1000 rnA. 
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Figure 5.8: Surface plot of photothermal spectra as QCL pump current was varied between 
400- 1000 rnA. (a) EDFL in cw mode. (b) EDFL in pulsed mode. 
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5.3 Temperature Studies on 8CB Liquid Crystal 
Temperature dependent photothermal responses were measured as a function of the sample 
temperature between solid, smectic-A, nematic and isotropic phases of the 8CB liquid crystal. 
We concentrated in taking the photothermal spectra in from 1580 cm- 1 - 1620 cm-1 to show 
the transition of the CH scissoring band at 1607 cm- 1 as shown in figure 5.10. Temperature 
of the liquid crystal cell was controlled using a water circulating custom made brass cell 
and it was varied between 18 C - 45 C. Figure 5.9a and 5.9b show the progression of the 
photothermal spectrum as we change the QCL current from 400 mA - 1000 mA with 10 mA 
step size. Photothermal response increases as we increase the QCL current. The behavior at 
1607 cm-1 is similar to the observed on the combinational band at 1912 cm-1, which has been 
previously reported on chapter 2. Figure 5.9c, 5.9b, 5.9c and 5.9d show the photothermal 
response at the smectic-A phase where the molecules have both directional and positional 
order. Here the dramatic bifurcation of the peak at 1607 cm- 1 is shown, which is similar to 
the bifurcation observed in chapter 3 on the 1912 cm-1 with a different QCL pump laser. 
The intensity on each of the bifurcating branches is different due to QCL power profile since 
the 1607 cm-1 peak lies in the starting wavenumber tunability of the QCL. The temperature 
is increased, causing the phase transition into the nematic phase, figure 5.10a and 5.10b, 
multiple bifurcation are observed. The inset peak splitting shown in vague color, has similar 
behavior to that observed for lower temperatures. Increasing the temperature well into the 
isotropic phase, where the molecules do not have any preferred orientation, no bifurcation is 
observed. The photothermal signal decreases by about an order of magnitude. 
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Figure 5.10: Temperature dependent photothermal spectroscopy on a 6 !-liD thick 8CB liquid 
crystal sample in different phases. (a), (b) Photothermal spectra as a function of QCL 
pump current in crystalline phase. (c)- (f) Photothermal spectra in smectic-A phase. (g), 
(h) Photothermal spectra in nematic phase. (i) , (j) Photothermal spectra in isotropic phase. 
Photothermal spectroscopy was also used to measure other molecules such as 2-Acetonaphthone 
(C10H7 COCH3 ) in CCl4 . The results are shown in figure 5.11. There are three distinct vi-
brational bands that are in the QCL pump beam tuning range. FTIR absorbance spectrum 
and the photothermal spectrum show the same observed features. We also chose this sample 
since it is a ketone compound that has vibrational band in the 1650 cm-1 - 1700 cm-1 . Ke-
tones are simple compounds that contain a carboxyl (C = 0 ) group, which is also present 
in the amide I vibrational band found in proteins. 
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Figure 5.11: FTIR and photothermal spectra of 2-Acetonphthone in CCl4 . Inset is the 
molecular structure diagram. 
We have established that erbium doped fiber laser is a better probe laser than some of 
the visible probes we have used previously. This is possible because there is no significant 
absorption around 1.55 !J.m. It is a reliable, robust, compact and high power system that 
offers excellent signal-to-noise ratio. We were able to demonstrate an agreement between 
FTIR and photothermal spectra analyzing specific "fingerprint" vibrational bands. Also, 
we were able to show the critical bifurcation behavior using a different QCL and different 
vibrational band than was previously reported in chapter 3. This probe laser is the best 
candidate to implement in our hyperspectral photothermal imaging system incorporated in 
the inverted microscope. In the future our photothermal imaging setup will be compact , 
robust and in inexpensive, which make the EDFL the perfect probe laser. 
Chapter 6 
Photothermal Hyperspectral Imaging 
6.1 Introduction 
Combination of spectroscopy and microscopy is a significant forward step in characterizing 
complex materials sirice any particular feature of the sample can be targeted for spectroscopic 
analysis. Utilizing the high lateral resolution achieved by microscopy and chemical analysis 
by infrared spectroscopy will lead to many applications in medical, chemical and materials 
science fields. The most common optical technique for mid-IR measurements is the Fourier 
transform infrared spectroscopy (FTIR). Recently, there has been many developments in 
FTIR microspectroscopy analysis for identification of particular analytical characterization 
of bio-molecules [231- 235]. The steps for creating an infrared image are shown in figure 6.1. 
There are two ways for getting the FTIR microspectroscopy image. Figure 6.1a,b descrive the 
IR-mapping technique where from each pixel corresponds to an infrared spectrum and figure 
6.1c,d describe the use of a focal plane array detector. Despite its great success the technique 
has issues when the sample does not have uniform thickness and scatters t he light. Attenu-
ated internal reflection infrared spectroscopy has been suggested as a possible solution but 
there is still a need for sample preparation. Also, there are restrictions in lateral resolution 
imposed by diffraction limit where t he resolution is approximately 10 1-1m [236]. Synchrotron 
sources have been suggested as a possible solution but poor beam stability, complicated 
experimental setup and cost make this technique not desirable [237, 238]. Another possible 
technique is the near-field photothermal infrared microspectroscopy that uses a Wollaston 
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thermal probe, which acts like a miniature thermometer in an AFM based setup [239]. This 
pump-probe photothermal technique offers the possibility for better lateral resolution than 
the FTIR microscopy methods as it utilizes the thermal changes in the surface of the sam-
ple. Regardless of the success, the technique is only applicable on the surface of the sample 
and it is slow since the probe aCts like a t hermometer. One way to overcome some of these 
issues is to look at the refractive index changes induced by the change in temperature. Our 
photothermal technique is based on the refractive index changes induced by the absorbing 
QCL pump beam and detected using a high-power and robust erbium doped fiber laser.. 
[~] 
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Figure 6.1: Mid-infrared microspectroscopic FTIR mapping and imaging. (a) Visible image 
of a tissue sample. (b) Principle of mapping experiment , where each pixel corresponds to 
an infrared sp ectrum. (c) Representation of a focal plane array detector image. (d) Infrared 
spectra recovered from each pixel of t he IR-image. [236] 
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6.2 Photothermal Hyperspectral Imaging on 5CB Liquid Crystal 
We have developed a new t echnique for photothermal hyperperspectral microscopy and the 
experimental setup is shown in figure 6.2 . We are utilizing a Nikon eclipse Ti-U inverted 
microscope and the pump and probe beams are fed into t he microscope using one of the 4 
available ports . Our pump beam is a tunable external cavity quantum cascade laser that 
operates in cw mode and pulsed mode with 500 ns pulsewidwths, 100 kHz repetition rate 
and about 250 mW peak pulse power. The QCL can be tuned between 1575 cm-1 - 1745 
cm-1 with 0.2 cm- 1 wavenumber resolution. The probe beam is an erbium doped fiber laser 
(EDFL) that can be operated in pulsed mode and in cw mode. It is a robust , stable, compact 
and eye-safe laser with turnkey operation. The wavelength of the laser was varied between 
1530 nm- 1600 nm depending on t he length of the erbium fiber and other parameters in t he 
laser cavity. The two lasers are collinearly aligned using a dichroic beamsplitter and focused 
on the sample using a ZnSe focusing objective (NA = 0.25). The sample is placed on an 
XY translation stage (H117 ProScan Inverted Stage, Prior Scientific) with a travel range of 
114 x 75 mm at 40 nm minimum step size. After the pump and probe beam go through 
the sample, an anti-reflective lens and a set of mirrors direct the probe beam to the InGaAs 
photodetector (ET-3000, Electro-Optics Technology, Inc.) to det ect the EDFL probe beam. 
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Figure 6.2: Mid-infrared photothermal hyperspectral microscope setup. 
Hyperspectral mid-infrared photothermal images are formed by scanning the sample us-
ing the XY motorized stage. A schematic representation of t he image acquisition and an 
example of hyperspectral mid-infrared image is shown in figure 6.3. We are using a raster 
scan technique, figure 6.3a, by scanning the sample in the x and y directions while keeping 
the pump and probe laser beams fixed. A typical photothermal image is shown in figure 
6.3b . Each pixel on the image corresponds to an infrared photothermal spectrum. Lateral 
resolution of the photot hermal system was estimated through a line scan between t he 5CB 
liquid crystal and gold frame interface with a well defined edge. The distance in line be-
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tween 12% and 88% of the photothermal and probe signals represents the equivalent of the 
full width at half maximum (FWHM) of a Gaussian intensity. The results shown in 6.4 are 
an approximation and more rigorous measurements need to be performed. 
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Figure 6.3: (a) Schematic representation of mid-infrared hyperspectral photothermal imag-
ing. The sample is translated in the x and y direction keeping the beams fixed. (b) Hy-
perspectral photothermal im.age on SCB liquid crystal sample. Each pixel of the image 
corresponds to an infrared photothermal spectrum. 
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F igure 6.4: Lateral phot othermal resolution (red) and EDFL probe resolut ion (blue). 
As a proof of concept we focused on getting images on a 1 !lll thick 4-Cyano-4' -pentylbiphenyl 
(SCB) liquid cryst al sample. F igure 6.5 demonstrates t he hyperspect ral phot othermal imag-
ing technique. We have tuned the quantum cascade laser pump beam at t he CH scissoring 
vibrational band of 1607 cm-1 and scanned the sample. There is a gold frame in t he sample, 
which gives the sharp cont rast as shown in the 3D plot in figure 6.5a. Besides t he dramatic 
sharp cont rast we can observe a morphological structure on t he liquid crystal. F igure 6.5b 
shows a line scan on t he sample highlight ing t he cont rast observed imaging on and off t he 
SCB liquid cryst al. We also show the agreement between FTIR absorbance spectrum and 
t he phot othermal spectrum, figure 6.5c, highlight ing t he 1607 cm-1 peak used to creat e 
t hese hypersp ectral photothermal images. A large area image of the gold frame with SCB 
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liquid crystal is shown in figure 6.6 . There is a great contrast from t he SCB liquid crystal 
sample and the gold frame. The 3D representation of the hyperspectral image shows the 
sharp contrast and some detailed features observed on t he liquid crystal. Also, the features 
are detailed in the x-axis and y-axis line scans, figure 6.6c, 6.6d. 
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Figure 6.6: (a) and (b) Large area photothermal hypersepectral images on 5CB liquid crystal 
with a gold frame showing the dramatic contrast. QCL set at 1607 cm- 1 . (c) and (d) 
Line scan from (a) demonstrating the contrast and morphological information on the liquid 
crystal. 
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6.3 Bird Brain Hyperspectral Imaging 
We extended our photothermal hyperspectral imaging method in examining oscine songbirds 
brains. These birds are an ideal candidate for studying many neuroscience problems in 
vertebrates [240]. Zebra finches shown in figure 6.7a, are chosen for studying the singing 
pathways where imitations emerge. These birds learn their singing by imitating other older 
birds from the same species [241-243]. A schematic representation of the singing memory 
pathways is shown in figure 6.7b. There are specific areas of the brain that lead to learning 
mechanism and their activities can be studied with multiple microscopy techniques. We 
are looking at using our hyperspectral mid-infrared photothermal microscopy techniques to 
distinguish some of the areas responsible for memory. Some of the initial results are shown 
in this section. We were the first group to demonstrate mid-IR photothermal imaging of 
brain tissues. 
Zebra Finch 
(a) (b) 
Figure 6.7: (a) A zebra finch bird pair [244]. (b) The song system of songbirds. HVC area 
feeds information to the Area X and RA [240]. 
Zebra finch bird brains were prepared in collaboration with professor Tim Gardner in 
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the biology department. A frozen brain tissue was sliced in various thicknesses ranging 
from 20-50 11-m thick in sagittal plane. We used 1 mm thick CaF2 windows for our infrared 
measmements , inset of figme 6.8b. Figme 6.8a shows the FTIR absorbance spectrum with 
the Amide-! and Amide-II vibrational band at rv 1650 cm-1 and rv 1650 cm-1, respectively. 
Inset figme is a schematic representation of a protein backbone showing the C = 0 stretch 
that contributes to the Amide-! vibrational band. We took the photothermal spectrum on 
the 50 11-m thick bird brain slices and compared it with the FTIR absorbance spectrum as 
shown in figme 6.8b. 
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Figme 6.8: (a) FTIR absorbance spectrum of 50 11-m bird brain slices showing the Amide 
I and Amide II vibrational mode. The peak of Amide I is at 1660 cm- 1 . (b) FTIR and 
photothermal spectra of the bird brain slices showing the Amide I vibrational band. Inset, 
schematic representation of the sample preparation using a CaF 2 substrate. 
Some of the initial mid-infrared hyperspectral photothermal images are shown in figme 
6.9. We compared the photothermal and optical images and we can observe the same fea-
tmes. In some of om measmements there are characteristics that are only shown in the 
photothermal images and not in the optical images. Hyperspectral photothermal images 
are formed by translating the sample using an x-y translation stage. The quantum cascade 
laser was tuned at 1650 cm-1 , which is the center peak of the amide-! vibrational band and 
images are shown in figme 6.9a,6.9c. The lines appearing in photothermal and optical im-
ages in figme 6.9c,6.9d are blood vessels. We images these areas closely and they are shown 
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in figure 5.10. The optical and photothermal image are taken with the same experimental 
setup allowing us to look simultaneously for features in the visible regime and in the mid-
infrared. We are using a ZnSe objective and the images do not appear that clear, which will 
be improved with future modifications. 
(a) (b) 
(c) (d) 
Figure 6.9: (a),( c) Photothermal image with QCL set at 1650 cm-1 and 1000 rnA and EDFL 
(CW-55 em) is at cw mode at 900 mA.(b),(d) Optical images of the bird brain sample. 
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Figure 6.10: (a) Optical image and (b) mid-infrared photothermal image using the same 
ZnSe focusing objective on 50 1-1m thick bird brain sample. 
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Figure 6.11: (a) Photothermal spectra on the brain sample (red) and on the blood vessel 
(green). (b) Hyperspectral photothermal image showing the blood vessel. The red and green 
squares correspond to the spectra on (a) 
Figure 6.12 show the potential of the hyperspectral photothermal imaging method to 
characterize a sample imaging on and off vibrational resonance. We investigated the pho-
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tothermal response on the bird brain samples on and off resonance and observed that there 
are features visble only when we tune the pump beam on resonance and not seen when we 
tune it at a different wavelength. Figure 6.12b shows the image at the amide-! vibrational 
band while figures 6.12a and 6. 12c are chosen 60 cm- 1 away from resonance. 
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Figure 6.12: (a) and (c) Hyperspectral images off resonance at 1600 cm- 1 and 1720 cm-1 . 
(b) Hyperspectral image on resonance at 1660 cm-1 . 
In this chapter we were able to show the power of mid-infrared hyperspectral photother-
mal imaging technique . Our group were the first to demonstration of mid-IR photothermal 
imaging of brain t issues. We presented a new imaging technique to gain spatial and IR spec-
tral information. Our results show the capability for sensitive label-free images t hat have 
t he potential to achieve resolution below the diffraction limit. 
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6.4 Photothermal Imaging on Nylon Microspheres 
To further characterize some of the features and limitation of our photothermal hyperspectral 
imaging system, we are looking at Nylon microspheres. Nylon is a polyamide polymer based 
on the reaction of an acid chloride -COCl with an amine group -NH2 . It is a thermoplastic 
silky material that was first introduced in 1935 by Wallace Hume Carothers [245]. T he 
polymer has very characteristic mid-infrared vibrational bands with an amide-! vibrational 
band around 1640 cm-1 . The FTIR and photothermal spectra are shown in figure 6.13a. 
Also, we studied t he linear and nonlinear photothermal spectra as shown in figure 6.13b. 
Varying t he QCL pump power we were able to observe the critical bifurcation behavior as 
was previously observed with liquid crystal samples. 
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Figure 6.13: (a) FTIR absorbance and photothermal spectra of nylon microspheres showing 
the amide-I vibrational band at 1640 em - 1 . (b) Linear and nonlinear photothermal spectra 
of nylon microspheres showing the intrinsic bifurcation. 
A mixture of nylon powder (SP-500 nylon 12, Kobo Products,Inc .) was mixed with 
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methanol using the Vortex mixer for a few seconds to suspend the Nylon microspheres. The 
mixtures was pi petted to the CaF 2 window and a single layer of microspheres was formed . 
The sample was placed on the hot plate to make sure that all methanol was evaporated. The 
nylon microspheres were embedded in 8CB liquid crystal where the thickness was controlled 
using a Mylar spacer approximately 6 !J-ill thick. Another 1 mm thick CaF 2 window was 
used as a cap. 
Optical 
• 
Figure 6.14: Optical and photothermal images of nylon microspheres in air. 
Initially we studied the photothermal hyperspectral imaging on nylon microspheres in air. 
An optical and photothermal image of the nylon microspheres is shown in figure 6.14. We 
can observe similar features on the photothermal image but some of the fine features are not 
shown correctly. Especially when two microspheres are next to each other. To improve upon . 
the photothermal signal, we embedded the nylon particles in 8CB liquid crystal. Recent 
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studies have shown a dramatic increase in photothermal signal when particles are embedded 
in a liquid crystal medium due to their large thermo-optical properties [246, 247]. Figure 
6.15 shows photothermal images of the nylon microspheres embedded in 8CB. We compared 
the optical image, top figure, with two photothermal images and observe similar features. 
Photothermal images are formed as a positive contrast, middle image, when the QCL pump 
beam is tuned to the amide-! vibrational band of the nylon microspheres at ,....., 1640 cm- 1 . 
Also, the photothermal images have a negative contrast when the QCL beam is tuned at 
the vibrational band of t he liquid crystal at 1607 cm-1 . In both photothermal images we 
observe an increase in the signal ~ 100 times more than the photothermal images of the 
nylon microspheres in air. The hyperspectral photothermal imaging capability gives us the 
unique advantage to create multiple images by varying the QCL pump beam on targeted 
vibrational bands. 
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Figure 6.15: Optical (top) and photothermal images images of nylon microspheres in 6 !J.m 
thick 8CB liquid crystal. Middle, photothemal image with QCL pump set at the amide-! 
band ("' 1640 cm-1 ) only present on nylon microspheres. Bottom, photothermal image with 
QCL set at the CH scissoring band ("-' 1607 cm- 1 ) of the 8CB liquid crystal. 
Photothermal hyperspectral images and photothermal spectra at different locations in 
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the sample are shown in figure 6.16. We looked at the response from of the area only with 
8CB liquid crystal and with nylon microspheres embedded in liquid crystal. Figure 6.16b 
shows the different photothermal spectra. The photothermal spectrum on the liquid crystal 
only demonstrates the vibrational band at 1607 cm-1 , which is in the nonlinear regime shown 
by the peak-splitting. When collecting the photothermal spectrum on the nylon microsphere 
with liquid crystal, the scissoring band from the liquid crystal as well as the amide- I band 
from the nylon is shown. 
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Figure 6.16: (a) Optical (top) and photothermal images (middle, QCL at 1607 cm-1 and 
bottom, QCL set at 1640 cm- 1 ) of nylon microspheres embedded in 8CB liquid crystal. (b) 
Photothermal spectra on the liquid crystal (top) and on a nylon microsphere (bottom) with 
QCL at 550 rnA. 
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Most of our photothermal hyperstectral images were based on amplitude measurements 
but we also looked at the phase and some of the results are shown in figure 6.17. QCL pump 
laser was set at 550 rnA and the photothermal hyperspectral images are formed with QCL 
set at 1607 cm-1 , figures 6.17a and 6.17b , or at 1640 cm- 1, figures 6.17c and 6.17d. Some of 
the features observed through the phase images are not shown in the amplitude images but 
these are only preliminary results and more experiments will be done in the near future. 
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Figure 6.17: (a) Amplitude and (b) phase photothermal images at 1607 em A - 1.(c) Amplitude 
and (d) phase at 1640 cm- 1 . 
Chapter 7 
General Conclusions and Future Work 
This thesis presents the development of a new technique to measure the linear and nonlinear 
mid-infrared photothermal response induced by tunable high power lasers such as Quantum 
Cascade Lasers (QCLs). Pump-probe heterodyne detection, using short wavelength visible 
lasers and compact fiber lasers as a probe, shows the capability to measure many different 
biochemical samples. 
Chapter 1 gives an introduction to the photothermal spectroscopy field and what are 
some of the different techniques. We introduce our method and discuss how quantum cascade 
lasers will increase the impact on this field. They are compact, robust and high power lasers 
that are vastly improving over the recent years. 
Linear photothermal spectroscopy is described m detail in chapter 2. We looked at 
the photothermal response on liquid crystal samples and observed a direct correlation with 
FTIR spectroscopy. A detail analysis on the properties of the sample as well as vibrational 
band calculations were discussed. An intriguing peak-splitting phenomenon was observed 
in one of the phase transitions of the liquid crystal. This was an explicit attribute only of 
the photothermal spectroscopy and was not revealed in the FTIR studies . This nonlinear 
behavior was discussed in detail in chapter 3. We gave a detail analysis of the bifurcation 
and characterized the temperature independent peak-splitting behavior. 
In chapter 4 we discussed the contribution of plasmonic metamaterials in photothermal 
spectroscopy. We obtained the first photothermal images on specially designed plasmonic 
metamaterials, created to either enhance or suppress a selected mid-infrared vibrational 
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normal mode. Plasmonic metamaterials can be engineered using electron beam lithography 
for functional studies on biomolecules enhancing selected vibrational infrared resonances. 
Chapters 5 and 6 show some of the recent results using erbium doped fiber laser probe. 
Integrated into a mid-infrared microscope, the system facilitates the acquisition of spectra 
and images on condensed phase samples. Our photothermal heterodyne mid-infrared hyper-
spectral vibrational technique is used to image biological samples such as bird brain and other 
biomolecules. Some of the mid-infrared photothermal hyperspectral imaging capabilities are 
demonstrated looking at nylon microspheres. 
Future plans will involve a detailed characterization of the pump and probe beams m 
the microscope setup. Linear photothermal measurements on a variety of samples will de-
termine which probe laser will have the best signal-to-noise ratio. Also, modifications to the 
current experimental setup will be done for transmission and reflection measurements. A 
galvanometer x-y scanning mirror will be used for rapid beam scanning to improve the im-
age acquisition time. Recent development of extreme nonlinearities observed in liquid crystal 
samples will be studied in detail. Also, we would like to get a deeper understanding of the 
peak-splitting phenomena through different biological samples. Finite element analysis of 
the photothermal spectroscopy will be used to confirm some of our analysis. In our research 
to date we have demonstrated the potential of photothermal spectroscopy as a new technique 
for analyzing vibrational bands in the mid-infrared. We have the ability to advance studies 
in many fields, as it is applicable to different types of materials, non-destructive, accessible 
and inexpensive. 
Appendix A 
Lab VIEW Virtual Instrument Programs 
National Instruments Lab VIEW (Laboratory Virtual Instrument Engineering Workbench) 
programs for photothermal spectrum and photothermal image acquisition. 
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